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A typical paper coating formulation contains anionically charged
pigments and latex to provide a high-quality surface for printing. However,
during application and drying, the latex can migrate to the surface or deep into
the paper, resulting in weak coating layers or the need to use a high latex
content to obtain the same strength properties. In this thesis, we have explored
the introduction of cationically charged particles into the suspension as a way
to reduce the amount of binder in the coatings, improve coating strength and
reduce binder migration. With these aims in mind, we have generated cationic
precipitated calcium carbonate and styrene-butadiene latex through adsorption
of polyelectrolytes on their anionic counterparts and show that paper coatings,
prepared using formulations of these cationic components, have higher coating
strengths than coatings produced with conventional anionic formulations. While
performing the charge reversal process, the particle size of the original anionic
material is maintained. Furthermore, we show that cationic coating formulations
can provide equal strength to the paper coatings at reduced binder levels. To

reduce binder migration in the coatings, we explored using a mixed cationicanionic formulation where an anionic latex binder is adsorbed on the surface of
a cationic pigment to produce an overall anionic suspension. We show that
latex-covered pigment suspensions have lower binder migration in paper
coatings when compared to coatings produced with standard formulations.
This is because the latex is fixed to the pigment and is not able to migrate
independently from the pigment during the drying step. Building on the concept
of mixed cationic/anionic particulate systems, we investigated its use to improve
the dewatering of CNF/particulate suspensions. Specifically, we generated
CNF/precipitated calcium carbonate (PCC) suspensions and show that the
substitution of cationic PCC for traditional anionic PCC pigments leads to higher
(up to 2.7 times) dewatering rates of the suspensions. The higher dewatering
rate is shown to be the result of the adsorption of the anionic CNF on the
cationic PCC particles. The resulting dry CNF/PCC films have Young’s moduli
and tensile stress of up to 4 GPa and 60 MPa respectively. However, after being
immersed in the water these films lost their mechanical properties Finally, to
improve the water resistance of these films, we performed an acetylation
reaction on the films using supercritical CO2 as the solvent.
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CHAPTER 1 : INTRODUCTION
1.1 Motivation
Anionically charged pigments and latex are commonly used in paper coating
formulations to obtain a high-quality printing and smooth surface. However,
these anionic formulations have a drawback of binder migration which leads to
non unform binder distribution and coating defects. In this thesis, we
investigated the effect of cationic pigments and cationic binder in paper coating
applications to improve coating strength at a reduced amount of binder and
prevention of binder migration. Further, we have extended the scope of
applications of the charged particle interactions to generate biobased
packaging material. Most of the packaging materials are petroleum-based
plastics that accumulate in the environment and landfills. CNF, on the other
hand, is both a biopolymer and a biodegradable polymer. However, the major
drawback of CNF suspensions is to remove water from them. In this thesis, we
have investigated charged particle interaction between cationic pigment and
anionic CNF to improve water drainage of CNF suspensions and develop CNFbased materials with packaging applications in mind.
1.2 Paper coatings
A coating refers to a thin layer of a covering deposited or applied on a
surface of any substrate to improve a particular property. For example, a
coating can provide a protective barrier for material against surface
deterioration through reaction with its environment. Paper coatings are
generated by depositing aqueous suspensions of pigments, binders, and
additives, such as dispersants, rheology modifiers, and co-binders.
1

The

primary goal of the paper coating is to increase the quality and functionality of
the paper surface in terms of brightness, gloss, opacity, smoothness,
printability, and print quality of the paper (Lepoutre 1989; Lee et al. 2021). The
coating components are subject to particle-polymer, particle-particle, and
particle-solvent interactions. These coating formulation components might have
a cationic or anionic charge, or they can be neutral. In this thesis, we have
investigated altering the charged interactions between various paper coating
components, such as pigment, binder, and polymers, as a way for generating
novel paper coatings to achieve various goals such as improving coating
strength at a reduced level of binder, reduction of binder migration and improve
water drainage rate of the coating formulations.
1.3 Paper coating components
1.3.1 Pigments
Pigments are the most important component in a coating formulation and
function as the building blocks for the final coated layer. A coating may consist
of a single or combination of pigments. The most widely used pigments in paper
coatings are calcium carbonate, kaolin, titanium oxide, and bentonite.
Properties of a coating, such as gloss, smoothness, opacity, ink uptake, and
printability, vary with the type and amount of pigments used in the coating
formulation. Amongst the various pigments, calcium carbonate and kaolin are
the most commonly used pigments in the paper coating industry. Other
pigments, such as amorphous silicas, are mostly used in printer inks (Lee et al.
2005), whereas titanium dioxide is frequently added to other pigments for
achieving higher levels of opacity and whiteness (Johnson et al. 1997). Plastic
pigments are used for their thermoplastic properties. For example, the plastic
2

pigments melt during the calendaring process and form a film upon cooling
which, in turn, imparts a higher gloss to the finished coating (El-Sherbiny and
Xiao 2005).
The work described in this thesis focuses on developing cationic calcium
carbonate-based coatings and materials to achieve various goals, such as
reduction of the amount of binder in the coatings and improvement of coating
strength, reducing binder migration, and improving water drainage rates of
cellulose nanofibers (CNF) suspension. We have used calcium carbonate
because it is one of the most widely used pigments in pulp, paper board, and
paper coating industries (Kumar et al. 2011; Nypelö et al. 2011) and it is
naturally cationic. Figure 1.1 shows the various crystalline forms of calcium
carbonate (Sarkar and Mahapatra 2010) and Table 1.1 shows crystallographic
properties of various crystal structures of calcium carbonate.
Table 1.1 Crystallographic properties of various crystal structures of calcium
carbonate
Vaterite
Aragonite
Calcite

Crystal
Structure
Hexagonal
Orthorhombic
Rhombohedral

Space
group
P63
Pmcn
R3hc

α
()
4.13
4.13
8.48
90
4.9598 7.9641 5.7379 90
4.990
4.990
17.061 90
a (Å)

b (Å)

c (Å)

β
()
90
90
90

γ ()
120
90
120

Figure 1.1 Various structures of calcium carbonate (Maleki Dizaj et al. 1963)
3

Vaterite is a metastable polymorph of calcium carbonate. It is
thermodynamically less stable and more soluble in water than calcite and
aragonite. When vaterite is exposed to water at low temperatures (~37°C), it is
converted to calcite whereas, at high temperature (~60 °C), it is converted to
aragonite. Vaterite is a colorless polymorph and occurs naturally in mineral
springs, fresh and sea water shellfish, and plants. Under those circumstances,
impurities, such as metal ions and organic materials, stabilize the vaterite phase
and prevent its conversion into aragonite or calcite. It is a hexagonal crystal
system with space group P63 (Kamhi 1963).
Aragonite is a stable form of calcium carbonate at any pressure above
3,000 bars. Aragonite is always found in deposits near the surface of the earth,
sediments, and iron deposits. Aragonite has an orthorhombic crystal structure
with space group Pmcn (Caspi et al. 2005).
Calcite contains 56% CaO and 44% CO2 and is milky white in color. It is
the most thermodynamically stable polymorph of calcium carbonate (De Leeuw
and Parker 1998; Gebauer et al. 2008; Forbes et al. 2011). The density of the
calcite is 2.71 g/cm3. Calcite has a rhombohedral crystal structure with space
group R3hc (Skinner et al. 1994). The major application of calcite includes
flooring (Li et al. 2012), tiles (Vodova et al. 2014; Bao et al. 2017), medicine
(Carretero and Pozo 2009), food (Palacios et al. 2021), and coatings
(Verrecchia and Verrecchia 1994; Özdemir and Tutuş 2016).
Calcite is exclusively used in paper coating (Istek et al. 2013). Calcite is
utilized in the paper coating in two forms: ground calcium carbonate (GCC) and
precipitated calcium carbonate (PCC). GCC is mined limestone that is crushed
4

using a jaw crusher. Parameters, such as crushing time, are used to generate
the desired particle size and shape (Knappich et al. 2000). PCC is produced by
first heating limestone at temperatures above 900°C to produce calcium oxide
and carbon dioxide via the following reaction (Rodriguez-Navarro et al. 2009).

Equation 1.1
The second step is called slaking, in which the calcined calcium oxide is reacted
with water to produce calcium hydroxide (Potgieter et al. 2002).

Equation 1.2
In the third step, the calcium hydroxide is purified and reacted with
carbon dioxide, obtained from the first step of calcination (Jimoh et al.; Silaban
et al. 2007; López-Periago et al. 2013) to produce PCC.

Equation 1.3
Reaction conditions are used to control the surface area, particle size
shape, and size distribution of the PCC (Ghiasi et al. 2020). Calcium carbonate
is used extensively in paper coatings to obtain opacity and brightness.
However, PCC is favored in some applications over GCC because it provides
a higher gloss and opacity to the coatings (Dimmick 2007; Garg and Jangra
2017).
1.3.2 Binders
Binders are used in the coating formulations to glue pigment particles to
the paper surface (Kwon et al. 2019, 2020). Typical paper coating formulations
have 10-15 pph of a binder. Binders also affect other properties of coatings,
5

such as gloss and wet and dry strength of the coatings. Binders can be divided
into two categories, synthetic or natural. Examples of natural binders are starch
(Li et al. 2019) and proteins (Bergh 1997). The most common examples of
synthetic binders are styrene-butadiene (SB) latex, styrene acrylate, polyvinyl
alcohol (PVA) (Schuman et al. 2004), and polyvinyl pyrrolidone (PVP) (Arman
Kandirmaz and Ozcan 2019), and their structures are shown in Figure 1.2.
Binders can also be classified as soluble and non-soluble binders.
Synthetic binders are not water-soluble but are water-dispersible, as these latex
binders are stabilized either by physical adsorption of surfactants, (Brown and
Zhao 1995), nanoparticles, oxides (Gao et al. 2016), dispersants (Backfolk et
al. 2002), or through chemical modification (Piltonen et al. 2014). However,
natural binders, such as starches, are water-soluble and affect rheology when
they are used in the coating formulations (LeCorre et al. 2014) because starch
swells in the water after gelatinization (Zobel 1984).

Figure 1.2 Examples of natural and synthetic binders used in paper coatings

6

Different binders have different water retention capacities with natural
binders tending to retain more water. An ideal binder should possess multiple
properties, such as binding ability, desired viscosity when mixed in the coating
formulation, good compatibility with other components in the coating
formulation, good water retention, ease of mixing and handling, low foaming,
good mechanical strength, and chemical durability. However, a single binder
cannot provide all these properties. Hence, it is a common practice to use a
co-binder to achieve a broader set of performance properties in the coatings.
Examples of co-binders are CMC (carboxymethylcellulose) and starches (ElSaied et al. 1995; Rajabi-Abhari et al. 2020).
The most widely used binder in the paper coating industry is styrenebutadiene (SB) latex. It is also common to modify the SB latex to make it water
dispersible.

An example of a modified SB latex is carboxylated styrene-

butadiene produced using unsaturated acid groups. The carboxylated SB latex
also has improved pigment binding capacity and adhesion to the paper
substrate (Piltonen et al. 2014) and improvement in resistance to grease,
solvents, abrasion, heat, and UV (Zou et al. 2007; Stephen et al. 2007;
Alimardani and Abbassi-Sourki 2015).
In this thesis, we have used carboxylated styrene-butadiene to generate
novel paper coatings. Styrene-butadiene is divided into two types: styrenebutadiene rubber (SBR) and styrene-butadiene latex (SBL). The major
difference between the SBR and SBL is their styrene content. Higher styrene
containing SBL tends to form harder films and shows a reduction in the strain
of the films (Arayapranee and Rempel 2008). SBL contains at least 45-80%
7

styrene while SBR contains less than 45% styrene. Ideally, equal proportions
of styrene and butadiene are desired because it provides a soft film with good
pigment

binding

capacity

(Styrene-butadiene

dispersion-Big

Chemical

Encyclopedia 2019). However, an equal proportion of styrene-butadiene has
the disadvantage of photobleaching of films upon light exposure (Styrenebutadiene latexes chemical economics handbook 2021). To avoid the
photodamage of the SBL films, in most cases, 70% styrene and 30% butadiene
are used to make the SBL. SBL has good water resistance, the ability to form
flexible films, provides gloss to the coating surface, and improved printability.
Commercially available latices are typically an aqueous suspension of styrenebutadiene at 50 % solids content (Yuen and De Snaijer 2016). The stable SBL
dispersion in water can be obtained by surface stabilization of SBL using
anionic surfactants, carboxylic acid, and dispersant sodium polyacrylate.
1.3.3 Additives
Apart from pigments and binders, other additives are added to the paper
coating formulations to improve their performance (Robert 1995). Additives,
such as dispersants, thickeners, surfactants, co-binders, lubricants, fluorescent
brightening agents, hardening agents, defoamers, and degassing agents, are
added in the coating formulations to adjust the properties of the suspensions
and coatings. In most cases, these additives are added in low quantities (less
than 1%). Most of these paper coating formulations are anionic (Lepoutre
1989); however, in our research, we used the interaction between the charged
particles to create novel paper coatings and materials. The charged particles
encounter different types of forces, such as electrostatic and Van der Waal
forces, when they are suspended in the water.
8

1.4 Electrostatic forces
Electrostatic forces are attractive forces between two oppositely charged
particles or it could be repulsion between the similarly charged particles that
are separated by the finite distance (McMeeking and Landis 2005; Adamczyk
2017) shown in Figure 1.3. In the dielectric medium, such as air, non-polar
organic solvents, or vacuum, similar charges repel each other, and opposite
charges attract. The force of repulsion or attraction varies as an inverse of the
square of the distance between two charges as defined by Coulomb’s law (see
Equation 1.4).

Figure 1.3 Direction of force acting on charged particles
Equation 1.4
Where F1 and F2 are electrostatic forces, q1 and q2 are charged particles, r is
the distance between two charged particles.

9

1.5 Van der Waal force of attraction
The van der Waal’s forces are always attractive. The van der Waal’s
forces are composed of three components, viz. Keesom interactions, Debye
interactions, and London interactions. These three components are collectively
called the Van der Waal’s interaction. London forces are always present and
play an important role in defining material characteristics and stability of the
suspension. Van der Waal forces are long-range forces and can be written as

Equation 1.5
Where Fvw is the Van der Waal force of attraction A is the Hamaker constant,
R1 and R2 are particle radii and, r is the distance between two particles. The
forces of repulsion and attraction vary with the distance between two particles.
This affects the stability of the suspension (Hiemenz and Rajagopalan 1977).
1.6 DLVO theory
Much of our understanding of the particle-particle interactions in
suspensions come from the classical Derjaguin, Landau, Verwey, and
Overbeek (DLVO) theory. According to DLVO theory, the stability of the
suspension depends on coulombic repulsive force and Van der Waal’s forces
(Derjaguin and Landau 1993). Figure 1.4 shows the possible scenarios for the
potential energy as a function of the interparticle distance between two particles
of the same charge. The interactions between two particles suspended in the
medium depend on the surface charge densities of the particles and the
interparticle distance.
For the particles having the same charge, as the distance between
particles decreases, both the coulombic repulsive force and the Van der Waal's
10

attractive force increase. The resulting overall force is the combination of these
two forces and the scenario depicted in Figure 1.4 leads to a secondary
minimum in the potential energy interaction. As the two particles approach
each other, they first encounter the secondary minimum in the potential energy
which can lead to a metastable suspension.
However, if the suspension has sufficient kinetic energy (i.e. increased
temperature) to overcome the energy barrier, the system will flocculate. For
instance, at very close distances, Van der Waal's force of attraction exceeds
the coulombic repulsive force and the particles fall into a deep primary
minimum.

Figure 1.4 Interaction energy according to classical DLVO theory for two
particles having the same charge (Hiemenz and Rajagopalan 1977).
The particles at the primary minimum region are irreversibly bound to
each other to form strong aggregates or they undergo coalescence. These
aggregated particles are difficult to redisperse upon shaking and hence, cause
instability in the system. In these cases, the height of the energy barrier dictates
11

the ultimate fate of the system. If the energy barrier is low or in the range of
thermal energy then the system is unstable, as shown in Figure 1.5a, but on
the other hand, if the energy barrier is higher than the thermal energy then
systems are stable, as a particle cannot cross the energy barrier, as shown in
Figure 1.5b.

Figure 1.5 Stability of the suspension
(a) unstable suspension energy barrier <= thermal energy (b) stable suspension
energy barrier > thermal energy (Hiemenz and Rajagopalan 1977).
However, if particles are oppositely charged then they experience the
stronger electrostatic force of attraction and fall into a deep primary minimum,
as shown in Figure 1.6. Depending on the force of attraction, particles can stay
in a primary minimum or secondary minimum but ultimately the particles
flocculate.
To overcome the issue of unstable suspensions of charged particles,
there are various methods, such as polymer adsorption (Black et al. 1966),
surface treatment by chemical modification (Ata et al. 2014), and many more
that can be employed (Singh et al. 2019). From these various methods, polymer
adsorption is the simplest method to obtain stable suspensions.
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Figure 1.6 Interaction energy according to classical DLVO theory for two
particles having an opposite charge (Hiemenz and Rajagopalan 1977).
1.7 Polyelectrolyte adsorption on the particles in the water
The stability of the particulate suspensions in water is governed by
several parameters, including the type and amount of polymer adsorbed on the
particles, as well as the excess amount of polymer in the fluid phase. It also
depends on the type of particles and their surface charge and solutions
properties, such as pH and ionic strength of the medium (Aveyard et al. 2003;
Ata et al. 2014; Tiraferri and Borkovec 2015). Depending on the application, the
polyelectrolytes can be used to obtain stable suspensions or to induce
aggregation of the system. In most cases, polyelectrolyte adsorption is
irreversible.
In general, when the polymer is adsorbed on the particle, the stability of
the suspensions depends on the polymer concentration. As shown in Figure
1.7, bridge flocculation can occur at low polymer concentrations because there
is an insufficient amount of polymer present in the system to fully cover the
particle surface (Swenson et al. 1998). As two particles approach each other,
polymer segments in the loops and tails on one particle can bind to vacant sites
13

on the second particle. The result is polymer chains adsorbed onto more than
one particle, leading to flocculation of the system.

Figure 1.7 Bridge flocculation (Swenson et al. 1998)
When the polymer concentration exceeds the amount needed for full
coverage of the particle surface, brush-like layers can develop on the particles
as the polymer adsorbs in the form of loops and tails, as shown in Figure 1.8.
It is the charged sites in the loops and tails of the polymer that give rise to
charge reversal on the particles. These loops and tails extend at distances such
that the coulombic repulsion exceeds the Van der Waal attractive forces,
leading to a stable dispersion. This is called steric stabilization (Napper 1977)
when a nonionic polymer is used and charge/steric stabilization when a
polyelectrolyte is used.

Figure 1.8 Steric stabilization (Napper 1977)
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As shown in Figure 1.9, when the polymer concentration is increased
further, the free polymer chains in the solution affect the stability of the
suspension. When two particles approach each other, the polymers in the
solvent are pushed out from the interparticle region. This leads to a lower
polymer concentration in the interparticle region, compared to the bulk. An
osmotic pressure develops as the solvent moves from the interparticle region
to lower the concentration of polymer in the bulk phase.

This leads to

flocculation of the particles and is known as depletion flocculation (Jenkins and
Snowden 1996).
If the polymer concentration is increased even further, then at these high
polymer concentrations, de-mixing of the polymer chains and solvent can
create polymer depleted regions between the particles. De-mixing is
thermodynamically unfavorable in good solvents, and depletion stabilization
can occur under these conditions (Semenov and Shvets 2015), as shown in
Figure 1.10.

Figure 1.9 Depletion flocculation (Jenkins and Snowden 1996)
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Figure 1.10 Depletion stabilization (Semenov and Shvets 2015)
1.8 Zeta potential
When an anionic polymer adsorbs on the cationic particle, charge
neutralization occurs at contact points between the polymer and the surface of
the particles. As described in Figure 1.8, the polymer tends to adsorb in the
forms of loops and tails, and these polymer chains dangling from the surface
give rise to the net charge to the particle surface. This, in turn, alters the
electrostatic interactions between particles and the use of polymers to control
the zeta potential of particulates underpins much of the work described in this
thesis.
When charged particles are suspended in water, the solution phase
nearest to charged particles dispersed in the solution has a large concentration
of counterions. These counterions form an electric double layer, known as the
Stern layer in the suspension (see Figure 1.11). Counterions that are present
in the stern layer experience a strong electric potential from the surface of
charged particles. This stern layer remains attached to the particle surface
strongly when the particle is moving in the solution. After the Stern layer, there
16

is a diffuse layer of ions. Ions in the diffuse layer experience lower electric
potential than the stern layer. The shear plane is located far enough from the
ions in the stern layer that counterions in the solution no longer travel with the
particle. The potential at the shear plane is called the zeta potential (Hunter
1986). The zeta potential is what a second particle experiences and thus,
measuring the zeta potential of a system is important to understand charge
particle-particle interactions in suspensions.
The Zeta potential can be calculated from the electrophoretic mobility of
a particle. In reaction to an applied electric field, a charged particle travels inside
a stationary medium. This phenomenon is termed electrophoresis. The
electrophoretic mobility, 𝐸𝑃𝐸 , is related to the velocity of a particle, 𝑣, and the
electric field, 𝐸, through Equation 1.6.

Equation 1.6
Electrophoretic mobility can also be written as shown in Equation 1.7

Equation 1.7
where 𝜀 is the dielectric constant, 𝜂 is the viscosity, ζ is the zeta potential,
and 𝑓(κa) is Henry’s function.
In Henry’s function, a is the radius of the particle and κa is the ratio of
particle radius to double layer thickness. As per Hückel approximation, when
the particle is in a non-polar solvent and κa ≪ 1 then 𝑓(κa) is 1 and as per
Smoluchowski approximation when a particle is in polar solvent κa ≫ 1 then
𝑓(κa) is 1.5.
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Figure 1.11 Schematic of the (a) stern layer, shear plane, and diffuse layer (b)
variation of potential with distance from the surface of a charged particle in
suspension (Hunter 1986)
Thus, from Equations 1.6 and 1.7, the zeta potential can be determined
from the particle velocity. As a general rule, when the zeta potential is less than
or equal to ± 0 to 5 mV, coagulation or flocculation of particles occurs. This
results in unstable suspension. As the zeta potential increases, the repulsion
force due to the electric double layer increases, and particles are stable in the
water. Particles having a zeta potential above ±30-40mV form stable
suspensions.
1.9 Thesis layout
In this thesis, we have used charged particle interactions between
anionic and cationic materials, such as pigments, binders, and polymers, to
generate novel coating and materials. In Chapter 2, we fabricated an all18

cationic coating formulation by adsorbing a cationic polymer onto anionic PCC
and SB latex and showed that these produce stronger coatings with a reduced
amount of binder when compared to traditional anionic paper coatings.
However, most coating materials used in the industry for paper coating
are anionically charged. If cationic coatings are introduced, then there is a risk
of cross-contamination between cationic and anionic coatings, resulting in a
flocculated system. As a result, industries avoid utilizing cationic coating
formulations. We proposed a solution in Chapter 3 by creating latex-covered
pigment coating formulations. Anionic SB was attached to the surface of
cationic PCC by using charged interactions between cationic PCC and anionic
SB to generate an overall anionic coating formulation. Paper coatings made
using latex-covered pigments showed a reduction in binder migration.
In Chapter 4, we employed charged interaction between the cationic
PCC and anionic CNF to investigate their properties in suspension and as a
dried film. When compared to CNF/anionic PCC suspensions, CNF/cationic
PCC suspensions had improved water drainage. The mechanical properties of
the dry free-standing films were investigated.
Chapter 5 is an extension of Chapter 4 in that we developed an approach
to improve the mechanical properties of the films after soaking in the water. In
particular, we have post-treated the CNF/PCC films to render them hydrophobic
in nature. These surface treatments were carried out using esterification
reactions in supercritical CO2. Treated films showed improved water resistance
without compromising on mechanical properties.
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The work described in Chapter 5 was in collaboration with Sabrina
Sultana, a graduate student in the Tripp group. I prepared the films and tested
their tensile properties in dry and wet conditions.

Sabrina developed the

approach for esterification of CNF and performed these reactions on the films.
Sabrina characterized the films using IR spectroscopy and XRD. Sabrina and
I jointly analyzed the data and prepared a draft of Chapter 5. Both Sabrina and
I have given each other permission to include Chapter 5 in our theses.
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CHAPTER 2 : THE USE OF AN ALL-CATIONIC COATING
FORMULATION TO REDUCE THE AMOUNT OF LATEX IN PAPER
COATINGS

2.1 Introduction
Latex binders are an essential ingredient for fixing pigments to the
surface in various coatings such as paper coatings (Kwon et al. 2019, 2020)
and paints (Danková et al. 2020; Worlee et al. 2020) but are also the costliest
component in the coating formulation (Gardon 1997). As a result, there has
been much interest in the paper industry to develop methods that can achieve
the required coating strength at lower levels of the binder. The type of binder
used in a paper coating mainly depends on the type of pigment used, the
rheological behavior of the coating formulation (Lee 1997), the desired surface
properties, as well as cost. To reduce cost and increase the use of sustainable
materials, natural binders, such as starch, protein, and their derivatives, are
commonly used (Culp 1957; Qianlong et al. 2020).

However, starch and

protein-based binders adversely affect the viscosity of the coating formulations
(Maurer and Kearney 1998) and lead to coatings that are brittle (Culp 1957).
Therefore, synthetic binders such as SB latex, carboxymethylcellulose,
styrene-acrylic latexes, and polyvinyl alcohol are widely used in the coating
industry (Van Der Reyden et al. 1993).
For single-layer coatings, the minimum amount of binder to achieve
adequate coating strength is generally in the 10-16 pph range (Lepoutre 1989;
Li et al. 2001; Barhoum et al. 2014). For example, when the SB latex in a
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coating containing ground calcium carbonate and/or clay pigments was
reduced to 5 -7.5 pph from 10-15 pph, the coating strength was compromised,
as evidenced by an average pick velocity value of 0.5-1.6 m/s (Dahlvik et al.
2011).
In another study, an approach for reducing binder levels in coatings
involves a two-layer coating. For example, Bluvol et al.(2008) employed a
heavy precoat (15 g/m2) of calcium carbonate, acrylic binder, and starch
materials at lower binder levels (7-12 pph), followed by a topcoat at 10-12 pph
of acrylic binder and calcium carbonate. The topcoat formulation also had
polyvinyl chloride and carboxymethylcellulose as co-binders. Another two-layer
approach uses a precoat of a cationic starch or cationic acrylate binder. The
cationic starch is a primer layer, binding electrostatically to both the anionic
paper (Hubbe and Bowden 2009) and anionic topcoat. In one example, a
precoat layer of pure cationic starch was applied, followed by a topcoat using
anionic paper coating formulations at 11 pph or higher amount of SB latex
(Urscheler et al. 2006).

An improved coating strength and stiffness were

achieved, compared to the case without the cationic layer. However, the overall
binder content was above 11 pph and no measurements of coating strength at
lower binder content were reported (Kogler et al. 1992).
While the use of cationic precoat showed promise in reducing binder
level, there is a concern in using separate cationic and anionic formulations
during a coating run because of the potential cross-contamination of
feedstocks.

The approach described here builds on the use of charge

interactions to reduce binder levels but, in our case, only requires a single
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coating layer.

At the heart of the approach is the use of an all-cationic

formulation containing cationic precipitated calcium carbonate (PCC) and
cationic SB latex. Since a single coating layer is used, there is no risk for
cross-contamination between coating formulations that would occur if we used
a two-layer coating method. Moreover, our results show that the use of a
two-layer coating process of an all-cationic formulation followed by an
all-anionic formulation does not improve coating strength because of failure at
the interface between the two coatings.
2.2 Experimental
2.2.1 Materials
The PCC was Albaglos S and was supplied by Minerals Technologies
as a dispersed slurry at 70% solids. It had a measured average particle size of
320-340 nm and a zeta potential of -27± 1 mV. The carboxylated SB latex
(Genflow 5086) at 50% solids was supplied by SYNTHOMER and had a glass
transition temperature of -5o C with a measured average particle size of 130-140
nm and zeta potential of -32 ± 2 mV. The sized paper substrate was supplied
by Westrock and had a basis weight of 250 g/m 2. This paper was chosen
because it had high stiffness with a value of 30 stiffness units. One gram
centimeter is equal to one stiffness unit. The stiffness measurements were
performed as per the TAPPI T489 method using the Taber V-5 Stiffness Tester
model 150-E. A low molecular weight (Mw<100,000) poly diallyl dimethyl
ammonium chloride (PDADMAC) was obtained from Sigma Aldrich as a 35%
wt./wt. water-based solution.
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2.2.2 Methods
2.2.2.1 Formation of cationic precipitated calcium carbonate and cationic SB
binder
A 0.75 mL sample of the 35% wt./wt. cationic PDADMAC was diluted to
2% wt./wt. by addition of 12.5 mL of DI water under constant overhead stirring
at 1000 RPM for 10 mins. In another beaker, 17 g (9 mL) of the anionic PCC
slurry at 70% solids was diluted to 10% solids by the addition of 161 mL of DI
water. A total of 170 mL of the PCC suspension was then added dropwise to
13 mL of the PDADMAC solution under constant stirring at 1000 RPM. At 10
mL intervals during the dropwise addition of PCC, two drops of the suspension
were extracted and diluted further with 15 mL of DI water for measurement of
the average particle size and zeta potential. From the particle size and zeta
potential values, the total volume of the anionic PCC suspension to produce a
cationic PCC suspension with little, or no change in average particle size was
determined. This volume was 80 mL and was used in making additional batches
of the cationic PCC suspensions. The measured particle size of cationic PCC
was 320-340 nm.
The same procedure for preparing the cationic PCC was used to make
the cationic SB latex. A 2.4 mL sample of the 35% wt./wt. cationic PDADMAC
was diluted to 2% wt./wt. by addition of 39 mL of water under constant overhead
stirring at 1000 RPM for 10 mins. In a separate beaker, 20 g (18 mL) of the
anionic SB latex at 50% total solids content was diluted to 10% solids by the
addition of 82 mL of water while stirring at 1000 RPM. A total of 100 mL of the
diluted anionic SB latex suspension was added dropwise to the total 42 mL of
PDADMAC solution under constant stirring at 1000 RPM. At 10 mL intervals
during the dropwise addition of the SB latex suspension, two drops of the
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suspension were extracted and further diluted with 15 mL of DI water for
measurement of the average particle size and zeta potential. From the values
of the particle size and zeta potential, a total volume of 70 mL of the SB latex
was determined to be the amount to add dropwise for making subsequent
batches of cationic SB latex suspensions. Both suspensions of cationic PCC
and cationic SB binder were concentrated back to 55% and 30% solid content
respectively, by air drying in a chemical hood for 48-96 hrs. The final solid
content was then measured using an oven drying method (ASTM-D2974-14
2014).
2.2.2.2 Zeta potential and particle size measurement
A Malvern ZetaSizer 3000HSA was used to measure the zeta potential
and particle size. Particle sizes and zeta potentials of the anionic and cationic
PCC and SB binder particulates were measured by a 10-fold dilution of 1 mg of
the respective suspensions using DI water. Three readings of the zeta potential
and 10 readings of the particle size were performed for each suspension and
the average value is reported.
2.2.2.3 Coatings
Coatings were made on 250 g/m2 thick and sized paper using a
drawdown coater (ASTM-D4147-99 2003).
Single-layer coatings:
Both cationic and anionic coating formulations were made at 3,5,7 and
10 pph of SB latex at a total of 45% solids content. The amounts of PCC and
SB latex used in the coating formulations are given in Table 1. To make a
single layer coating a volume of 6 mL of the coating formulation was used. The
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coating speed was 0.04 m/s and the gap between paper and rod was
approximately 20 microns. The paper was then air-dried for 4 mins, followed by
5 mins at 105oC in an oven. Five papers of each coating were prepared, and all
coated papers had a measured coat weight in the range of 9±2 g/m 2.
Table 2.1 Dry weights of PCC and SB latex used in coating formulations.
Coating formulations
PCC dry weight (g)
SB dry weight (g)
(Anionic or Cationic)
(Anionic or Cationic)
(Anionic or Cationic)
3pph
11
0.33
5pph
11
0.55
7pph
11
0.77
10pph
11
1.1
Two-layer coatings:
Two-layer coatings, consisting of one all-anionic and one all-cationic
formulation, were applied onto the paper substrate. Four different protocols
were tested. These four were defined by the order of addition (anionic or
cationic as the first layer) and wet-on-dry or wet-on-wet coating procedures.
For wet-on-dry coatings, the first layer was air-dried for 2 mins. before applying
the second coating. For wet-on-wet coatings, the second layer was applied
within 5-10 seconds immediately after the first coating. The total coating weight
for the two layers was the same 9±2 g/m2 as was used for the single coatings.
This was accomplished by using 6 mL of coating of formulation for each
drawdown coating. The coating speed was 0.04 m/s and clearance between
the surface of the paper and rod was approximately 10 microns. A minimum of
five samples were prepared for each of the 4 protocols.
Additional experiments using water-based inks were performed to
identify the location of the failure for the two-layer coatings. One drop of waterbased black ink was added to the 10 pph SB latex anionic formulation and one
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drop of water-based pink ink was added to the 10 pph SB latex cationic
formulation. The purpose of the addition of the ink to the coating formulations
is to identify each layer in the IGT pick test (TAPPI-T514 1982). The addition
of the inks did not change the zeta potential of the coating formulations.
2.2.2.4 IGT pick test
For all samples, the coating strength was measured using the IGT pick
test as per TAPPI T514. The schematic of the IGT pick test is shown in Figure
2.1. In brief, a strip of coated paper was mounted to the rotating wheel with the
coated side up. Then a sticky ink with a medium viscosity of 55cP was evenly
disturbed on the surface of the ink roller. An ink roller and the rotating wheel
containing the coated paper were brought into contact, and the wheels were
rotated in acceleration mode with a maximum velocity of 4m/s. The coating
strength is correlated to the speed at which coating material is transferred to
the ink roller leaving uneven regions on the coated paper.

Figure 2.1 Schematic of IGT pick test
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2.2.2.5 Raman spectroscopy
Raman spectroscopy was used to analyze the surface composition of
the coatings before and after the pick test. Raman spectra were collected using
a Renishaw Raman 1000 imaging microscope system. The excitation source is
an SDL-XC 30 diode laser from SDL Inc, operating at a wavelength of 785 nm
and 35 mW power. The spot size was approximately 0.2 mm in diameter using
a 50X LEICA N PLAN objective. Coated papers were cut into 2x2 cm2 pieces
and placed under the objective. In the Raman spectrum, the PCC and SB
bands appear at 1086 and 1001 cm -1, respectively. The intensity ratio for the
SB/PCC bands was calculated and converted to their corresponding weight
ratios using a calibration curve. A calibration curve was generated from the
Raman spectra recorded using all-anionic and all-cationic formulations
containing different amounts (5, 10, 30, 50 pph) of the SB latexes. Raman
spectra were collected with a side-mounted 5X objective focused midpoint on
the side of a stirred vial containing each formulation.

A plot of the 1001

cm-1/1086 cm-1 peak intensity versus the SB/PCC weight ratio yielded a linear
curve (R2=0.9985) with the equation:

Equation 2.1
2.3 Results and discussion
2.3.1 Generation of cationic PCC and SB latex
The ideal scenario would be for the all-cationic formulation to differ solely
in the zeta potential of the pigment and binder from those of their all-anionic
counterparts. Hence, the first step was to convert the as-supplied anionic PCC

33

and SB into their respective cationic equivalent through adsorption of
PDADMAC.
The zeta potential and size distribution of the cationic PCC and SB were
dependent on the order and rate of addition (Gregory 2013) of the anionic PCC
and SB latex with the PDADMAC. When the PDADMAC solution was added in
one shot to a stirred suspension (10-50% wt./wt.) of either the anionic PCC or
SB, a sudden increase in the viscosity was observed and this increase in
viscosity has been reported by others (Gregory 2013; Shakeel et al. 2020). This
resulted in larger flocs of PCC and SB of average particle sizes 3-4 and 2-2.4
microns, respectively. This is the result of bridge flocculation (Kato et al. 1988;
Gregory 2013) of the PDADMAC molecules over several particles. By varying
the concentration of the PDADMAC to SB or PCC suspensions, some reduction
in flocculation could be achieved. However, in every attempt where PDADMAC
was added to a stirred suspension of PCC or SB, flocs were observed. The
solution to avoid bridge flocculation was to perform the experiment in reverse.
In this case, dilute suspensions of the anionic PCC and SB latex (10% wt./wt.)
were added dropwise to a PDADMAC (2% wt./wt.) solution under constant
stirring at 1000 RPM.
Figure 2.2 and Figure 2.3 show that the zeta potential and average
particle size are dependent on the total amount of PCC or SB latex added
dropwise to the PDADMAC solution. The PCC particles remain the same size
(320-340 nm) and monodisperse up to a 0.032:1 dry wt./dry wt. of PDADMAC:
PCC ratio (80 mL volume of PCC added to the 13.2 mL of 2% PDADMAC). By
adding the PCC dropwise to the PDADMAC solution, each PCC particle is
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surrounded by PDADMAC. In essence, the PDADMAC adsorbs to a sufficient
level to achieve steric stabilization before colliding with another PCC particle.
In this case, steric stabilization leads to a nanosized (320-340 nm) cationic PCC
suspension (see Figure 2.2). Above a 0.032:1 of PDADMAC: PCC ratio, the
concentration of PDADMAC is reduced, via adsorption on the PCC, to a level
where the addition of more PCC to the solution is only partially covered by the
PDADMAC, leading to bridging flocculation of the system.

This bridging

flocculation resulted in the increased particle size of PCC, up to 3.5-4 µm, and
a reduction in the zeta potential (+36 ± 2 to -17±1 mV) as shown in Figure 2.2.

Figure 2.2 Zeta potential and particle size analysis of anionic PCC
Zeta potential and particle size as a function of the dropwise addition of an
anionic PCC suspension (10% wt./wt.) to a stirred PDAMAC (2% wt./wt.)
solution.
The same behavior of the dropwise addition of a PCC suspension to a
PDADMAC solution was obtained for the dropwise addition of SB latex
suspension to a PDAMAC (see Figure 2.3). In particular, the SB particles are
nano-sized and monodispersed when the PDADMAC: SB ratio is below 0.12:1
wt./wt. (70 mL volume of SB added to the 41.85 mL of 2% PDADMAC).
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However, the cationic SB particle size (210-240 nm) was larger than the particle
size of the anionic SB (130-140 nm).

Above a 0.12:1 dry wt./dry wt.

PDADMAC: SB ratio (above 70 mL of SB suspension added), the SB added
dropwise to the solution is now only partially covered by the PDADMAC, leading
to bridging flocculation of the system (see Figure 2.3). This bridging flocculation
resulted in the increased particle size of SB, up to 2-2.2 µm, and a reduction in
the zeta potential (+30 ± 3 to -18 ± 1 mV (see Figure 2.3).

Figure 2.3 Zeta potential and particle size analysis of anionic SB latex
suspension
Zeta potential and particle size as a function of the dropwise addition of an
anionic SB latex suspension (10% wt./wt.) to a stirred PDAMAC (2% wt./wt.)
solution
From the data in Figure 2.2 and Figure 2.3, we determined the optimum
volumes of PCC and SB suspensions to add dropwise to the 2% PDADMAC
solution to obtain cationic suspensions. These volumes were 80 mL of the10%
wt./wt. PCC suspension to 13 mL of the 2% wt./wt. PDADMAC solution and 70
mL of the 10% wt./wt. SB latex suspension to 41.9 mL of the 2% wt./wt.
PDADMAC solution. These cationic SB and PCC suspensions were then used
to make coating formulations at 3,5, 7, and 10 pph of SB latex.
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The zeta potential and the particle size of the cationic PCC and SB
suspensions, as well as the final coating formulations, are shown in Table 2.
The average particle size of cationic PCC was the same as the anionic PCC
(340-370 nm). The anionic PCC has a zeta potential of -27 ± 1 mV, and the
cationic PCC has a zeta potential of +36 ± 2 mV. The average particle diameter
of anionic SB is 130-140 nm, whereas the cationic SB is 210-240 nm. This
diameter indicates latex particles undergo coalesces but this size is of the same
magnitude as other commercial SB latex (Medeiros et al. 2020). When anionic
latex is converted to cationic latex, it undergoes charge neutralization, followed
by charge reversal. In this process of reversing charge, the droplets of SB latex
undergo coalescence (Derjaguin and Landau 1993; Elimelech et al. 1997) and
give rise to the larger droplets of cationic SB latex.

The measured zeta

potentials of an anionic SB and a cationic SB are -32 ± 2 mV and +35 ± 4 mV,
respectively.
Table 2.2 Zeta potential and particle size distribution of the coating formulations
Materials
Average Particle Size Zeta Potential (mV)
(nm)
Anionic PCC
320-340
-27 ± 1
Anionic SB Binder
130-140
-32 ± 2
Cationic PCC
320-340
+36 ± 2
Cationic SB Binder
210-240
+35 ± 4
Anionic Formulation
320-340
-29 ± 2
Cationic Formulation
320-340
+35 ± 2
Anionic Formulation + 320-340
-28 ± 3
Black Ink
Cationic Formulation + 320-340
+34 ± 1
Pink Ink

2.3.2 One-layer system
Since this study aims to reduce the overall latex binder in the coating
formulation, we set a 10 pph binder as the upper limit for the amount of latex to
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use in the coating formulations. Figure 2.4 shows the pick velocity values for
the 7 and 10 pph binder obtained using the one-layer coating systems. At the
7 pph binder, all-cationic coating had twice the pick strength of the all-anionic
coating as evidenced by pick velocities of 2.5±0.1 and 1.1±0.2 m/s,
respectively. More importantly, the 7 pph all-cationic formulation produced
equivalent coating strength to a coating produced using an all-anionic
formulation at 10 pph binder (pick velocities of 2.5±0.1 and 2.6±0.2 m/s,
respectively).

This showed that we achieved the goal to improve coating

strength at a reduced level of a binder. Note that the strength for the 7 pph
all-cationic coating as well as 10 pph all-cationic and anionic coatings was
about the same value. This is because the failure for these three occurred in
the paper and not in the coating as paper fibers were exposed after the pick
test. In the case of the 7 pph binder all-anionic coating, failure occurred within
the coating layer.
The question remained as to how low a level of binder could be used
with all-cationic formulations to achieve acceptable strengths in the coating. We
did perform experiments with coated papers having 5 to 3 pph binder in
all-cationic formulations, but these coatings could be easily peeled off because
there isn't enough binder in the coating layer to adhere to the paper surface.
The pick test was performed on all-anionic and all-cationic paper coatings at 3
and 5pph of latex. These coatings showed pick values less than 0.3 m/s and
coating materials were transferred to the ink roller during the pick test.
Essentially at some point, there is not enough binder present in the bulk to hold
pigments to the surface of the paper. Nevertheless, we were successful in
reducing the binder level from 10 pph binder, which is typically used in
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conventional coating applications, to 7 pph binder using an all-cationic
formulation without losing any coating strength and no additional co-binder was
used in the formulation.
The increase in coating strength arising from the use of cationic
components could arise from an interfacial charge interaction between the
cationic components and the anionic paper or the lack of penetration of the
cationic components into the base of the paper. To investigate these two
possibilities, we performed Raman spectroscopic analysis of the coating layers
at the surface and in the delaminated coating regions after performing the pick
test.

Figure 2.4 Pick velocity values of single layer coatings prepared using all
cationic and all anionic coating formulations
Figure 2.5a shows the Raman spectra of the coated papers. The two
important bands are at 1086 and 1001 cm -1 and these are the C-O stretching
mode for PCC and the ring breathing mode of SB, respectively. Additional weak
bands appear at 1096, 1120, and 1152 cm-1 and these are skeletal vibrational
modes (C–O–C) of cellulose from the paper. The cellulose Raman bands are
weak because most of the Raman signal originates from the region near the
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surface of the coatings and decays exponentially with distance from the
surface. Hence, an increase in the SB/PCC Raman band ratio (1001 cm -1/1086
cm-1) obtained for the coated paper relative to the ratio obtained for the
suspension would show that binder migration to the surface of the coating had
occurred. The SB/PCC Raman band ratios were measured and converted to
the SB/PCC mass ratios using the calibration curve described in the
experimental section (see equation 2.1). For all-anionic and all-cationic at 3,5,7,
and 10 pph binder levels, the mass ratios of SB/PCC in the formulations were
0.03, 0.05, 0.07, and 0.1, respectively and the corresponding mass ratios of
SB/PCC for the coated papers were 0.07, 0.085, 0.1, and 0.13, respectively.
This showed that binder migration occurred to the surface for all coatings and
for a given pph binder, the level of binder migration was the same whether using
the all-cationic or all-anionic formulation. Thus, the level of binder migration to
the surface was not dependent on the charge of the coating formulation.
Next, we recorded Raman spectra in regions where failure has occurred
after the pick test. Recall that the pick test showed that failure was observed in
the paper for 7 pph all-cationic and for both all-cationic and all-anionic coatings
at 10 pph. This is confirmed with the Raman spectra shown in Figure 2.5b. The
spectra obtained for both 10 pph coatings and the 7 pph all-cationic coating
were similar to the Raman spectrum obtained for an uncoated paper shown in
Figure 2.5c. Note that in these samples, the bands due to cellulose are more
intense than those obtained in Figure 2.5a. This is because the underlying
paper fibers were exposed to the surface after the pick test. In these spectra,
there is also a band at 1086 cm-1 and this is because the base paper contains
PCC. It is not due to the migration of the PCC into the paper as we observe
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the same band ratio of cellulose/PCC in the failure regions as the cellulose/PCC
ratio in an uncoated paper.
Finally, we examine the Raman spectra for samples where the pick test
showed that failure occurred at the coating-paper interface.

Samples falling

into this category include the all-anionic and all-cationic coatings at 3 and 5 pph
latex and all-anionic at 7 pph of latex. As with the samples where the failure
occurred within the paper (both 10 pph and 7 pph all-cationic), the spectra for
3 and 5 pph latex samples show bands due to cellulose. However, the Raman
spectra of these samples were different from the spectra of the uncoated paper
in that there was a peak to SB latex. This band was not present in the spectra
where the failure occurred within the paper.
The SB/PCC mass ratios in the failure region of the coatings for the 3
pph all-anionic and all-cationic were 0.35 and 0.15; the corresponding values
for the 5 pph coatings were 0.4 and 0.18, respectively. These SB/PCC ratios
are higher in the failure region than the SB/PCC ratios for the corresponding
formulations or the values obtained for SB migration to the surface of these
coating. This result shows that the binder migration also occurs towards the
paper-coating interface and the amount of migration is higher at this interface
than the amount migrating to the coating surface. Recall, that there was no
difference in the amount of SB migrating to the surface for either all-cationic or
all-anionic coatings.

However, this is not the case for SB migration to the

paper-coating interface. Clearly, there is more binder migration at the interface
and into the base paper for the all-anionic coatings compared to the
corresponding all-cationic coatings.
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The SB latex moves with the water as it evaporates from the surface or
gets trapped in the paper fibers during the drying of the coating. This leads to
binder migration of the latex to the surface of the coating and into the paper
leaving a latex-depleted layer in the interior of the coating. Clearly, the Raman
spectra show that the level of binder migration in the base paper is higher for
anionic coatings than the cationic coatings and this is the reason that 7 pph allanionic coatings showed the lower coating strength than the 7 pph all-cationic
coating.

Figure 2.5 Raman spectra analysis of coatings
Raman spectra of (a) coated papers and (b) in the failure regions after the pick
test (c) uncoated paper
Clearly, it is not a difference in the mobility between the cationic and
anionic SB latex as the same level of SB latex accumulates at the surface of
their respective coatings. The difference occurs at the paper/coating interface.
The cationic SB latex arriving at the paper interface encounters negatively
charged cellulose fibers. The charge-charge interactions fix the SB latex to the
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paper fibers and this impedes additional SB latex from migration into the base
paper. However, this is not the case for the anionic SB binder which leads to
more SB latex penetrating to the base paper through pores in the paper and
leading to a larger deficit of latex in the middle of the coating layer, leading to a
weak binder layer within the coating layer (see Figure 2.6).

Figure 2.6 Schematic of the interaction of all-cationic and all-anionic coatings
on a paper surface
To further investigate the effectiveness of charge interactions at the
coating/paper interface to the coating/coating interface and its coating strength,
we generated two-layer coatings and measured their strength.
2.3.3 Two-layers system
A two-layer coating using our all-cationic and all-anionic formulations
could also lead to an alternative approach to achieve coating strength at lower
binder content. Improvements in coating strength using a cationic pre-coating
followed by an anionic coating layer at a typical binder level of 11-13 pph have
been reported (Urscheler et al. 2006). Thus, a natural extension would be to
use an all-cationic formulation as the first layer and an all-anionic formulation
as the second layer in a two-layer coating process.
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In the pick test, failure can occur between coating layers, at the paper
coating interface, or within the paper structure. To identify the mode of failure
with our two-layer coating system, pink ink was added to all-cationic
formulations, and black ink was added to the all-anionic formulation. The
addition of the inks did not alter the zeta potential and particle size distribution
of the formulations as reported in Table 2.
Figure 2.7 shows the strip of coated paper before and after the pick test.
The appearance of pink color at all pick velocities shows that the second coat
had low strength and that failure occurs at the interface between the two layers.
The two-layers system of oppositely charged coating formulations at 3,5,7 and
10 pph of SB latex showed pick velocities in the range of 0.1-0.2 m/s regardless
of using an anionic or cationic formulation for the first layer. These results of the
two-layers system showed an overall reduction in the coating strength when
compared to a one-layer system. The two layers coating is lower in pick
strength, compared to the values of 2.8±0.1 and 2.6±0.27 m/s obtained at 10
pph coatings prepared using a single layer of cationic and anionic formulations
respectively at a similar coat weight and SB latex content.
In a standard anionic coating, there is some penetration of the coating
into the pore structure of the paper generating a mechanical interlocking of the
coating layer and the paper (Steffnec et al. 1995). However, in the layer-bylayer process, the second layer cannot penetrate the underlying coating, and
hence, the coating strength relies primarily on the adhesive forces between the
two coatings. The adhesion at the layer-layer interface due to electro-attractive
forces is weaker compared to a mechanical interlocking mechanism that
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happens in the pores of paper due to penetration of the coating components.
This leads to coating failure at the interface between two coating layers. This
result also supports our findings for our one-layer system; the increased
strength in all-cationic coating arises from the lack of migration of the cationic
SB latex into the paper which, in turn, does not deplete the latex from the middle
of the coating layer. The wet-on-wet or wet-on-dry deposition for both first
anionic or first cationic coating layer systems did not show any difference in the
pick values for the two-layer coatings.

This shows the lack of migration

between the two coating layers regardless of the nature of the first layer and
wet-on-wet or wet-on-dry approach.

Figure 2.7 Pick test analysis of coatings
Paper coating before and after pick test at 10 pph SB latex, with the first layer
of all-cationic formulation and wet on wet approach.
2.4 Conclusions
The use of an all-cationic coating formulation is shown to achieve similar
coating strengths on paper at lower binder levels than obtained with
conventional anionic coating formulations.

This increase in strength was

caused by the reduction of migration of cationic binder into the base paper
arising from charge interactions at the interface between the cationic binder and
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the anionic paper. Extending this approach to a layer-by-layer deposition of
alternating cationic then anionic based coatings showed failure between the
first and second layers. Failure occurs between the coating layers because of
the lack of interpenetration of the two layers and hence, no mechanical
interlocking of the layers.
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CHAPTER 3 : ELECTROSTATIC INTERACTIONS TO ATTACH LATEX
TO PIGMENT SURFACE TO REDUCE BINDER MIGRATION

3.1 Introduction
A latex binder is needed in water-based pigment suspensions to obtain
durable coatings in a wide range of applications, such as lithium-ion batteries
(Hitomi et al. 2019; Isozumi et al. 2020) paints (Danková et al. 2020; Worlee et
al. 2020) and paper coatings (Kwon et al. 2019, 2020). For all systems, the
pigments and binder are mixed in a suspension that is applied to a substrate
and dried. In the ideal case, the binder ends up being uniform within the coating
layer. However, during application and drying, the latex binder may in some
cases, either concentrate or deplete at the surface of the coating (Al-Turaif and
Bousfield 2005). This movement of the binder relative to the pigments may
result in a decrease in the effectiveness of the binder resulting in quality issues.
In paper coatings, the type and amount of the latex binder present in the
coating formulations affect the structure and surface composition of coated
paper: this influences key properties, such as print gloss, stiffness, roughness,
ink settling rate caused by absorption, and print mottle (Lepoutre 1989; Lee et
al. 2021). Of critical interest is the migration of the latex binder, either away from
the surface due to absorption into the paper or towards the surface during
drying. This migration can influence the final properties of the coating layer and
the efficient use of the latex. Latex binder distribution and migration in paper
coatings have been the subject of numerous studies (Hagen 1985; Du et al.
2017; Nechita 2021). Latex binder migration in the paper structure, depletion,
or concentration at the surface, has been observed and depends on parameters
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such as base paper absorption rates, pigment size, and drying conditions (Kline
1993; Groves et al. 2001; Al-Turaif and Bousfield 2005).
Various analytical techniques have been used to study latex binder
migration and the analysis of the coating surface (Groves et al. 2001). Latex
binder migration has been identified in paper coatings by ultra-violet absorption
(UV) (Fujiwara and Kline 1987), confocal laser scanning microscopy (Purington
et al. 2019), and attenuated total reflection infrared absorption (ATR-IR)
spectroscopy (Halttunen et al. 2003; Kenttä et al. 2006; Chattopadhyay 2014).
Raman spectroscopic methods have been used to characterize latex and starch
levels relative to the pigment for a number of parameters (He et al. 2002; Bitla
et al. 2003; Kenttä et al. 2006). Scanning electron microscopy (SEM) has been
used to visualize latex concentrations after staining with OsO 4 as well as
electron spectroscopy for chemical analysis (ESCA):

recent work is

summarized by a few different groups (Kugge et al. 2004; Pöhler et al. 2006;
Lee and Lee 2018). Recently, high-quality cross-section images of coated
papers were obtained using field emission scanning electron microscopy in
combination with an argon-ion-beam milling technique to study detailed
positions of latex and pigment in the coating layer (Dahlström et al. 2011;
Dahlström and Uesaka 2012); latex is found to not only enrich at the coating
surface but it can migrate internally in the coating layer from regions of large
pores to fine pores. Atomic force microscopy (AFM) has also been used to
measure the latex distribution in the presence of large-size pigments (Patel et
al. 1996; Di Risio and Yan 2006). The latex was found to fill up the voids in the
coating pigment. Laser-induced plasma spectroscopy (LIPS) has been used to
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study latex binder migration of starch and latex under intense air-drying
conditions (Rajala et al. 2003).
Several models have been proposed to explain the movement of the
latex binder during the drying step. In the capillary transport model proposed by
Hagan (1989), as the water evaporates, the pigment particles move closer to
form capillaries. These capillaries provide passage for the latex binder to be
transported to the top surface with the movement of water molecules during
evaporation. The absorption flow model discusses the motion of latex away
from the surface as the water phase of the coating absorbs into the paper base
(Bitla et al. 2003). Recently, a Brownian motion model was proposed where
latex binder migration occurs during the initial drying stage (Zang et al. 2010;
Du et al. 2011). The smaller latex particles exhibit higher Brownian motion
relative to the larger pigments and migrate to the air-liquid interface where they
become trapped and lose their mobility. In this case, the surface is proposed to
be latex rich even before the pigments come together to form capillaries and
before any drying. In the boundary wall depletion model, the concentration of
the smaller latex particles occurs at the top of the coating surface boundary
because the small particles lubricate the coating blade boundary because of
their size resulting in a high concentration of latex binder in the wet coating layer
(Ranger 1994; Lyons et al. 2003; Jabbal and Zhong 2008). While these various
models explain some of the results, they are based on quite different physical
phenomena, and it is not clear in the literature at present what model best
describes the situation. Also, some computer-based models describe the effect
of substrate and latex binder diffusivity on the binder migration of the coated
papers (Pan et al. 1995).
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In the production of paper, often cationic polymers or other retention aids
are used to help fine pigments and fibers adsorb to large fibers to increase the
retention of these fine fibers and pigments in the paper (Springer et al. 1984;
Ghasemian et al. 2012; Ferstl et al. 2020; Sharma et al. 2020; Wei et al. 2021);
this suggests a similar technique could be used in the coating layer. This same
concept could be used to reduce latex binder migration by attaching the fine
latex particles to the pigment. Figure 3.1 shows the concept of taking a cationic
pigment, combining it with an anionic latex binder, to produce a latex-covered
pigment (LCP). This situation contrasts with the typical system where both the
latex and pigment are anionic also depicted in Figure 3.1. The cationic pigment
may be produced by adsorbing cationic polymer or starches on the pigment or
may occur naturally, as with precipitated calcium carbonates. The reverse is
also possible, where cationic latex is exposed to anionic pigments, but the result
of that would likely be a system that is overall cationic; cationic systems are
difficult in many industrial processes. The expected result is that once the latex
is adsorbed onto the pigment, it should not be able to move relative to the
pigment during coating and drying.

Figure 3.1 (a) Schematic of a latex attached to a cationic pigment and (b) typical
coating system.
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Here, a method to form a cationic pigment particle coated with anionic
latex binder particles in the wet state is attempted. By electrostatically attaching
the latex binder to the pigment, an anionically stabilized suspension was
generated that has the potential to decrease latex binder migration and improve
paper properties.
The objective of this study is to investigate the potential of this approach
to prevent or reduce latex binder migration and to report on the properties of
these coatings. Anionic styrene-butadiene (SB) latex particles are added to
cationic precipitated calcium carbonate (PCC) to form an LCP, with the cationic
PCC at the core surrounded by the SB. Raman spectroscopy was used to
measure the ratio of SB latex to PCC at the surface of a coating layer applied
onto the various substrates such as glass, paper, and blotter paper. The
strength, opacity, gloss, water drainage, rheology, and porosity of the coatings
were also measured and compared to the standard anionic coating. To our
knowledge, this is the first time that cationic PCC in the core is surrounded by
anionic SB latex to create an overall anionic coating suspension. Traditional
paper coatings contain pigments and latex binders are that are anionically
charged, and therefore, there are no attractive electrostatic interactions
between the pigments and latex binders. While various mechanisms have been
proposed to explain binder migration, this has not translated to methods to
reduce or prevent binder migration using electrostatic interactions. This is the
unique aspect of our research that is presented in this paper. Furthermore, the
method used to generate LCP is a very simple and industrially scalable
process.
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3.2 Experimental
3.2.1 Materials
PCC at 48% solids with a measured average particle size distribution of
1.5-3 µm and zeta potential of +32 ± 2 mV, was supplied by Minerals
Technologies as a filter cake. The PCC did not contain any dispersant and is
naturally cationic. The SB latex (GenFlo 5086) at 50% solids was supplied by
OMNOVA and had a glass transition temperature of -5o C with a measured
average particle size distribution of 120-140 nm and zeta potential of -35 ± 3
mV. The sodium polyacrylate solution (Mw ̴15,000) at 20% wt./vol in water was
supplied by Sigma Aldrich.
3.2.2 Methods
3.2.2.1 Particle size and zeta potential measurements
The particle size and zeta potential of the cationic PCC and anionic SB
latex binder were measured on a Malvern Zetasizer, after a 100-fold dilution of
the sample to obtain approximately a 0.5% solid content level. The cationic
supernatant was collected and used to dilute 1 mg of cationic PCC cake to
obtain a 100-fold dilution instead of DI water, to avoid a change in pH and
calcium ion content after dilution. The cationic supernatant was obtained by
centrifuging 100 g of cationic cake at 2200 RPM for 8 mins from the stock. For
the SB latex binder, a 1 mg sample of the SB latex binder was diluted 100-fold
using DI water. A similar procedure was used for anionic PCC, LCP
formulations, and standard formulations to measure zeta potential and particle
size.
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3.2.2.2 Formation of LCP and standard formulation
The LCP formulations were made by adding different amounts of a latex
binder to the cationic PCC pigments. In the paper industry, the latex addition
level is often reported in terms of a mass of binder per hundred parts of pigment
(pph). Values that span a wide range were used from 10 to 30 pph. A 30 g
quantity of cationic PCC cake (wet basis) was dispersed in 3 mL of cationic
supernatant while stirring. Then, the anionic SB latex binder was added all at
once to the PCC suspension under constant stirring at 550 RPM using a
propeller-type mixer for 20 mins. DI water was then added to obtain a solid
content of 45%.
For comparative purposes, standard anionic formulations were produced
using the same cationic PCC particles. In this case, anionic PCC particles were
first generated by adding 2 mL of sodium polyacrylate at 20 % wt./vol in one
shot to a suspension containing 30 g of cationic PCC (wet basis) while stirring
at 550 RPM using an overhead propeller for 5 minutes. Particle size and zeta
potential of the anionic PCC particulates were measured by a 100-fold dilution
of the suspension with DI water. Standard formulations containing varying
amounts (10, 20, 30 pph) of anionic SB latex were prepared by mixing latex
with the anionic pigment. A 30 g quantity of anionic PCC cake (wet basis) was
dispersed in 3 mL of DI water while stirring. The anionic SB latex binder was
added to the anionic PCC under constant stirring at 550 RPM using a propellertype mixer for 20 mins. The solid content of the final formulation was adjusted
to 45% solids to be equivalent to LCP formulations. The viscosity of the LCP
and standard suspension at 45% solid content was measured using a
concentric cylinder device (Hercules Hi-shear).
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For LCP formulations, samples were centrifuged to determine the
amount of latex binder that was electrostatically bound to the underlying
cationic PCC. The formulations with varying amounts of 10, 20, 30 (pph) of the
latex binder were centrifuged at 2200 RPM for 8 mins. to separate solids from
the liquid in the suspensions. The water phase and centrifuged cake were
analyzed separately to determine the excess (unbound) latex content. The
water phase was examined visually for turbidity. A small amount of centrifuged
cake was analyzed in Raman spectroscopy. PCC and SB bands appeared at
1086 and 1001 cm-1, respectively, and the SB/PCC band ratios were measured
and converted to mass ratios using a calibration curve. A calibration curve was
generated using standard formulations and LCP formulations at different
amounts (5, 10, 30, 50 pph) of anionic SB latex. Raman spectra of each
formulation were collected on stirred vials with the laser beam focused on the
midpoint of the side of the vial. The calibration curve passed through zero for
the LCP and standard formulations.
3.2.2.3 Coating
Coatings were made on three types of substrates: 1) blotter paper, a
porous and highly absorbent substrate, 2) porous paper, with a basis weight of
50 g/m2 and medium absorbent type, and 3) glass, a non-absorbent substrate.
A lab rod drawdown coater was used for the paper substrates. Handmade
coatings were made on the glass slides by depositing 1.5 mL of the suspension
onto one end of the glass slide and then using a spatula to drag down the
deposited suspension to the other end of the glass slide. The estimated coat
weights on the glass slides were in the range of 13±2 g/m2 and the measured
coat weight on the paper and blotter paper were in the range of 12±2 g/m 2.
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3.2.2.4 Raman spectroscopy
Raman spectroscopy was used to analyze the surface composition of
the coatings, as well as the base paper sheets. For both standard and LCP
formulations, four paper coatings were made for each formulation. Each paper
coating was analyzed at three different positions. For each formulation, the
average value of the total of 12 readings was reported.
Raman spectra were collected using a Renishaw Raman 1000 imaging
microscope system. The excitation source is an SDL-XC 30 diode laser from
SDL Inc, operating at a wavelength of 785 nm and 35 mW power. The spot size
was approximately 2 mm in diameter with a 4 µm penetration depth using a 5X
LEICA N PLAN objective(Kugge et al. 2004). Coated papers were cut into 2x2
cm2 pieces. PCC and SB bands appeared at 1086 and 1001 cm -1, respectively,
and the SB/PCC band ratios were measured and converted to mass ratios
using a calibration curve. Raman analysis of the base paper did not show any
bands of PCC or SB. For each sample, integration time was 10 secs, and 4
scans were recorded for each spectrum. SB/PCC band ratios were determined
for two sets of coated samples, one set dried at room temperature overnight
(16 h.) and another set dried at 105oC in an oven for 4 mins.
3.2.2.5 IGT pick test
Coating strength was evaluated using the standard method TAPPI T514
using the IGT pick test device. The instrument was set to an accelerated mode
with a final pick velocity of 4 m/s. A medium viscosity (52 Pa. s) ink was used
to perform the IGT pick test. In this test, a viscous ink, that simulates a printing
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ink, is printed onto the coated paper in an accelerating manner: the velocity
where the coating layer delaminates is the pick velocity.
3.2.2.6 Gloss
A gloss of the coated paper was measured using standard method
TAPPI T480 using a Glossmetermanufactured by Technidyne Corporation. The
Glossmeter was calibrated using gloss standard 96.1. For each sample, 10
readings were taken at different spots and the average value is reported.
3.2.2.7 Opacity
The opacity of papers coated using LCP formulations was measured with
TAPPI standard method T519 using a Color TouchX device manufactured by
Technidyne Corporation. The references used for the opacity experiments were
recorded using a stack of 3 sheets of coated papers. This type of opacity
measurement is known as the “opacity by paper backing”. Three sheets of
coated papers were used in the backing experiment to obtain a reading of R∞ =
100%. Hence it was sufficient to use a stack of three coated papers as a
reference in the opacity measurements.
3.2.2.8 Porosity
The porosity of the coatings was measured using a silicone oil test.
Coatings were made on the plastic (nonporous substrate) and dried overnight.
Coated samples were cut into pieces of 2x2 cm 2 and measured for thickness
and weight. Then all samples were covered in silicone oil for 45 mins. The
excess oil on the surface was removed with wipes and the sample was
weighed. The porosity of the coating was calculated as

Equation 3.1
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Where Wo is the weight of oil-saturated coating on plastic, Wd is the
weight of dry coating on the plastic, ρo, is the density of the silicon oil, A is the
surface area of the sample, and L is the thickness of the sample.
3.2.2.5 Water drainage
The rate of water drainage from the coating was determined using the
standard method TAPPI T701 using an Abo Akademi Gravimetric Water
Retention (AA-GWR) instrument. The water drainage rate was calculated at 30
secs under a pressure of 1 atmosphere. The coating is separated from an
absorbent blotter paper by a membrane. The weight gain of the paper
measures the amount of water drained from the coating.
3.3 Results and discussion
3.3.1 Zeta potential and particle Size
The zeta potential and average particle size distribution of the cationic
PCC were +32 mV and 1.5-3 µm, respectively. For the anionic SB latex binder,
the corresponding values were -35 mV and 120-140 nm, respectively. The zeta
potential of the LCP was -30 mV, showing that the cationic PCC was converted
to anionic with a layer of SB latex binder. Furthermore, the average particle size
of the LCP increased to 2.5-4 µm: this increase also indicates that the addition
of the SB latex to the cationic PCC did not lead to an aggregated structure but
rather to a layer of SB lattices surrounding each PCC particulate. In the control
experiments, the aim was to convert the cationic PCC to an anionic PCC
without changing the size of the particle. The average size of the anionic PCC
was 1.5 to 3 µm. This is the same size distribution as the cationic PCC cake.
However, the zeta potential of anionic PCC was -20 mV. The LCP particles are
0.4-1 µm larger than the cationic and anionic pigments. Therefore, coatings of
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LCP did not show any difference in the coating caliper when compared to
coatings of the standard formulation.
3.3.2 Adsorption of SB latex on cationic PCC
When the LCP suspensions were centrifuged, the 10 and 15 pph latex
binder supernatants were clear whereas, the supernatants were cloudy for the
standard formulations. For 20 pph and higher latex binder levels, a turbid
supernatant layer was collected for cationic pigments. Raman spectral analysis
of the supernatant showed only the presence of latex binder. Thus, about 15
pph latex binder was found to be attached to the cationic pigment surface. This
value was further confirmed by Raman analysis of the centrifuged cake of the
LCP formulations. For 10 and 15 pph formulations, the Raman spectra showed
that the relative amount of pigment to latex binder in the cake was equal to the
amounts used to prepare the formulation whereas, for 20, 30, and 50 pph, 17,
19, and 25 pph latex binder, respectively, were measured in the centrifuged
filter cake. This result confirms that for 20 pph and higher, there is a free latex
binder in the system for LCP formulations. On the other hand, all anionic
formulations resulted in cloudy supernatants.
A maximum loading of 15 pph latex binder for the LCP is consistent with
the values obtained using the following simple calculation. The total volume of
an LCP sphere was calculated using a radius that is equal to the radius of the
PCC plus the diameter of the latex binder assuming full coverage of the PCC
surface with a latex layer. The volume ratio of latex to pigment would be the
volume of the total sphere minus the volume of the pigment divided by the
pigment volume. This volume ratio is converted to mass ratio using the
densities of latex and pigment. For any radius of latex and pigment, RL and RP,
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respectively, the mass ratio of latex to pigment based on these volumes is given
by

Equation 3.2
Where 𝜌L and 𝜌P are the densities of the latex and pigment, respectively.
If this mass ratio is calculated based on the surface area, where the latex
covers a projected area on the surface of the pigment, an expression can be
developed that gives the mass ratio based on the surface area as

Equation 3.3
The expression based on surface area coverage includes the influence of voids
between latex particles. Figure 3.2 compares these expressions.

Figure 3.2 Dependence of particle size ratio on the amount of SB latex required
to cover one pigment particle, based on volume concept (MV) and surface area
(MSA)
For the lowest pigment size of the range measured (1.5 µm), and the
latex size (120 nm), the latex to pigment size ratio is 0.08. This 0.08 ratio
correlates to 13 to 22 pph for MSA and MV, respectively. This agrees with the
61

centrifuge experiment results that show 15 pph of latex binder attaches to the
surface of cationic PCC.
3.3.3 Rheology
The suspensions with LCP had higher viscosities than suspensions of
the standard system. Figure 3.3 shows the viscosity-shear rate results for 10,
20, and 30 pph formulations for the LCP and the standard formulations. As the
latex content increases, the viscosities decrease for all systems; free latex
binder in the system must help break up structures and allow for easy motion
of pigments under shear. The LCP, as depicted in Figure 3.1, would be bulkier
or take up more volume because water is trapped between the latex at the
pigment surface. Cationic and anionic interaction leads to an increase in the
overall viscosity, and this is consistent with the literature (Chi et al. 2020). At
solids higher than 45%, the LCP formulations had viscosities that were too high
to measure with the equipment available, but the standard formulation has
viscosities of 20-25 cP even at 60% solids. A key drawback of using the LCP,
therefore, is the rheology of these systems above 45% solids. All suspensions
were used at 45% solid content to be consistent, even though this level is lower
than that typically used in the industry. At 45% solids, there could be more latex
binder migration compared to the 60% or higher solids used in practice.
However, the purpose of this work was to investigate the concept of using a
central cationic PCC pigment with a layer of the electrostatically bound latex
binder as a means for lowering latex binder migration, rather than to generate
high solid formulations.

62

Figure 3.3 Shear rate vs viscosity of standard and LCP coating formulations at
45% solids.
3.3.4 Raman spectroscopy
Figure 3.4 shows the Raman spectra obtained for the various SB/PCC
coatings used in this study. Two peaks are observed at 1086 and 1001 cm -1.
The band at 1086 cm-1 is the C-O stretching mode in the PCC peak and the
band at 1001 cm-1 is the ring breathing mode of SB. Since the depth of
penetration of the laser beam is about 4 µm into the coating, a change in the
relative intensity of these two Raman bands is due to a change in the relative
amount of the PCC to SB in the top 4 µm region of the coating. Others have
demonstrated that there was no difference in SB/PCC ratio for thinner (8-10
µm) vs thicker (18-20 µm) coating in the same region, and in conclusion, it is
mentioned that paper coatings are very dispersive, and the roughness of coated
paper does not affect the results of ratio of surface concertation of SB/PCC
obtained using Raman spectroscopy (Bitla et al. 2003). In our experiment, to
determine the binder migration, first, a baseline correction was performed. The
peak heights of the SB and PCC bands were measured using a valley-to-valley
baseline correction and the ratio of SB/PCC was determined. As seen in Figure
3.4, the LCP coatings have a lower SB/PCC band ratio than their corresponding
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coatings generated using the same weight of binder in the standard formulation.
This shows that LCP formulations have less SB binder present on the surface
than coatings produced using a standard formulation. Similar trends were
observed for coatings dried in the oven at 105oC.

Figure 3.4 (a) Raman spectra of air dried paper coatings and (b) heat dried
paper coatings.
Figure 3.5 shows the Raman SB/PCC band ratios obtained for standard
and LCP formulations at different latex binder levels and on all three substrates.
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For all formulations, the SB/PCC band ratios exceed the values obtained for
the bulk suspensions shown as the calibration curve: these results show that
latex binder enrichment of the surface occurs in all cases and on all substrates
because the Raman signal is from the top 4 µm of the coating layer (Kugge et
al. 2004). This enrichment is a surprise on the absorbent substrates that quickly
pull the water phase from the coating into the blotter paper; this movement of
water should drag the latex binder layer away from the top surface. However,
latex binder enrichment is reported in several papers (Ranger 1994; Jabbal and
Zhong 2008) and it is explained by early models such as that of Hagen (Hagen
1985) where capillaries are formed in the coating layer during drying that
creates a flow of liquid towards the surface during drying that allows for latex
binder particle to migrate to the surface. Pan et al. (Pan et al. 1995) proposed
models that showed the difference between the latex binder distribution of
porous substrates such as paper and non-porous substrates, like a glass slide;
porous substrates tend to deposit more latex binder on the surface than the
non-porous substrates because of air invasion of the paper allows for flow
towards the surface. During drying of a porous substrate like paper, coatings
have heavy latex binder deposits in the top layer as liquid moves towards the
surface during the drying event. In the case of non-porous materials liquid
resides longer in the lower layer and deposits more latex binder in the lower
pores and less on the coating surface (Pan et al. 1995). This explains that paper
has more latex binder on the surface than glass slides. For the glass slide and
the regular paper, the LCP formulations had significantly less latex binder
enrichment than the standard formulation. This result follows the hypothesis for
the work in that attached latex will not be able to move during drying stages.
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For the paper sample, the latex content at the surface is near the formulation
within the standard error. The glass results are quite similar to the paper. For
the standard formulation, the paper results have a surface latex content that is
50% greater than the bulk composition; significant motion of latex to the surface
during drying occurs. On the glass, the enrichment is around 35%.
The results on the blotter paper are surprising in that the enrichment with
the LCP formulations is more than what is seen with the standard formulation.
The blotter paper is quite absorptive and during coating, the liquid phase is
pulled away from the coating layer into the blotter paper. For the standard
formulation, all the latex particles are free to move, and it is expected that latex
is pulled rapidly into the pore structure of the paper with the water and gets
trapped in the blotter paper, thus is not able to enrich at the surface during
drying which could deplete the coating layer of latex for the standard
formulation.
Also, in the standard formulation, large pigment particles are trapped at
the surface of the paper and form a dense filter cake. This action leads to heavy
pigment deposits and potential bridging at the surface of the blotter paper that
blocks latex binder particles from moving back towards the coating surface that
resulting in latex binder particles being stuck in the bottom part of the coating
layer. This phenomenon is also called as size exclusion effect. These
mechanisms can explain why the standard formulation coatings on blotter
paper have less latex binder on the surface than the LCP formulations.
However, in the case of LCP coating on blotter paper, latex has shown
lower mobility as 15 pph latex is attached to the pigment surface. Also, on
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blotter paper drying is relatively slow as water tends to reside in the pores for a
longer time. In such cases when the latex binder mobility and drying rate are
slow, more latex binders tend to deposit on the surface of the coating because
this type of system has a high Peclet number around 103 explained by the pore
level model (Ferstl et al. 2020). Purington et al. (2018) showed similar results
when coatings were applied on absorbent paper such as blotter paper. Also,
for the LCP formulation, particle size is slightly larger than the standard
formulation due to an additional layer of SB latex on the cationic PCC surface
thus the latex is retained in the coating layer, and during drying, can migrate
the small distance to the surface. This is similar to what Al-Turaif et al. (2004)
found that coarser PCC particles form bigger voids in the coating structure on
highly absorbent paper. This mechanism explains that LCP showed more latex
binder on the coating surface than the standard formulation when coated on the
blotter paper.

Figure 3.5 Raman spectra analysis of SB/PCC band ratios for air dried samples
(a) standard formulations (b) LCP formulations at 10,20, and 30 pph latex
binder dried at room temperature.
Figure 3.6 shows the results for samples that are rapidly dried in an oven
compared to air drying. Heat dried standard formulation on paper showed the
highest latex binder enrichment among all coatings using LCP and standard
formulations. This is consistent with the literature that reports increased drying
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temperature links with latex binder enrichment on the 70 g/m 2 base paper (Zhen
and Wang 2013a,b). For all LCP formulations, drying at 105 oC showed slightly
higher latex binder migration than that of air-drying samples of glass and paper
substrate. This could be attributed to the fact that 15 pph of the SB latex binder
is attached to the cationic PCC surface and not moving during the coating
process and consolidation. However, the remaining latex binder is free to move,
and increasing with temperature may have accelerated the latex binder particle
movement to the surface of the coating layer which resulted in more latex binder
on the surface.

Figure 3.6 Raman spectra analysis of SB/PCC band ratios for heat dried
samples
(a) standard formulations (b) LCP formulations at 10, 20, and 30 pph of latex
binder dried at 105 oC.
However, on blotter paper, air drying conditions showed higher migration
than that of the heat dry conditions for formulations. This result could be caused
by the time scale for the free latex binder to migrate towards the surface.
Absorption on the blotter paper pulls the free latex binder from the surface, but
if the surface layer pores empty due to rapid drying at a higher temperature, the
latex binder is not able to reach the pores due to faster immobilization at higher
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temperature and pores empty deeper into the structure (Pan et al. 1995).
Therefore, a possible explanation is that the high-temperature drying can empty
the surface pores more rapidly than capillary flow to the pores and this causes
faster immobilization of the binder particles, resulting in little enrichment at the
surface.
Overall, formulations with the LCP showed less latex binder migration
than that of standard formulations when air and heat-dried on paper and airdried glass slides. The almost same amount of latex binder migration was
observed in standard and LCP formulation at oven-dried conditions on a glass
substrate. However, in the blotter paper case, SB latex binder particles got
trapped in the blotter paper for the standard formulation and can enrich the
surface in LCP formulation because bigger voids are formed in the LCP
formulations in the air-drying conditions.
When the drying of a coating layer occurs, capillaries form near the
surface of the coating. If the capillary is stable, the latex binder will migrate to
the surface as water flows to fill these pores and evaporates from the surface
(Worlee et al. 2020; Kwon et al. 2020). If a latex binder is attached to the
pigment through electrostatic interactions, it has less chance to move towards
the surface to enrich the surface or to deplete the bottom layers of the paper.
Figure 3.7 depicts this situation. If a latex binder is first pulled away from the
surface due to the absorption of water into a porous structure like paper, the
latex binder still can move back towards the surface because the fine pores
generate stable capillaries.
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Figure 3.7 Schematic of latex binder migration towards the surface during the
evaporation near the surface
(a) latex binder particles free to move (b) latex binder attached to the pigment
surface.
3.3.5 Coating strength, porosity, opacity, and water drainage
The physical properties of the coating layers are reported in Table 1 for
the coatings applied on the paper. There was no significant difference observed
in the pick strength values of the papers coated with the LCP, even though latex
binder enrichment at the surface was reduced. A possible reason could be that
the latex binder in the LCP formulations is not able to move locally to
pigment-pigment contacts during drying. Due to the lack of the freedom of SB
latex particles to move, consolidation of the coatings was hindered as well as
the film formation of the latex, which may result in no improvement in the
picking-strength. Calendaring was performed at 120 OC in the initial trials of
coatings of LCP. However, there was no difference observed in the pick
strength. Also, no cracks were observed in the coating layer.
The 10, 20, and 30 pph LCP formulations showed higher water draining
rates when compared to the corresponding standard coating formulations (see
Table 3.1). This is consistent with the porosity measurements that show that
LCP has a more open and porous structure as the pigments pack into a filter
cake. This open structure allows for a higher flow of water thereby increasing
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the AAGWR values. A lower amount of free latex in the system leads to an
increase in the pore space, as shown by the porosity values given in Table 3.1.
Table 3.1 Properties of coatings made using standard and LCP formulations
Properties
10 pph
20 pph
30 pph
Standard
LCP
Standard
LCP
Standard
LCP
IGT
test-Pick
1.2 ±
1.6 ±
1.2 ±
3.4 ±
1 ± 0.1
3 ± 0.1
Velocity
0.1
0.3
0.3
0.1
(m/s)
Porosity
10%
15%
1-2%
5%
<1%
1-3.5%
89.6 ±
Opacity
90 ± 0.4 93 ± 0.5
92 ± 0.1 89 ± 0.4 90 ± 0.1
0.3
Gloss
8 ± 0.2 6.6± 0.2 8.3± 0.1 8.2± 0.1 8.5± 0.1 8.3± 0.1
AAGWR
348 ±
719 ±
746 ±
47 ± 11
29 ± 7
14 ± 7
2
(g/m )
10
48
17
The 10 pph LCP formulations showed the highest porosity among all the
samples reported in Table 1. Overall, LCP formulations at 10 and 20 pph
showed a 5% increase in porosity than values obtained for standard
formulations at 10 and 20 pph. This is attributed to the larger voids in the coating
structures because the latex binder is adsorbed on the pigment and is no longer
able to move to fill the void structure during coating consolidation. In contrast,
there was no significant difference observed in the porosity of coatings for LCP
and standard formulations at the 30 pph latex binder content. As calculated and
shown by centrifugation results, the 30 pph LCP has 11pph free latex present
in the formulation. Thus, the free latex in both 30 pph LCP and standard
formulations fills the pores, resulting in a similar porosity.
The higher porosity of LCP coatings is also responsible for the improved
opacity of these coatings. Opacity data for 10, 20, and 30 pph LCP’s and
standard formulations are also shown in Table 1. In all cases, coatings made
using LCP formulations showed higher opacity than that of the standard
formulations. These results further reinforce that the coatings with the LCP are
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more porous than the coatings made using a standard formulation and the open
structure causes reflected light to scatter in all directions to increase opacity.
Coatings produced using the standard formulation at 10 pph latex binder
showed a higher gloss than those obtained with 10 pph LCP formulations. At
10 pph, the standard formulation has a free latex binder that is enriched at the
surface and fills the voids leading to a glossy surface. In the 10 pph LCP, there
is no free latex binder to fill the voids at the surface, leading to a lower gloss
value. This further confirms that LCP formulation at 10 pph can reduce binder
migration when compared to a standard formulation at the same latex binder
concentration. Both 20 and 30 pph LCP formulations have 3 and 11 pph free
latex binders to fill the voids at the surface respectively, resulting in the same
gloss as those obtained using standard formulations at 20 and 30 pph latex
binders.
3.4 Conclusions
SB latex was attached to cationic PCC particles simply using
electrostatic interactions to generate an LCP. A maximum of about 15 pph of
the latex was determined to be attached to the pigments used in this study. The
viscosity of these LCP formulations was higher than the standard formulations
at all latex contents and increased to levels too high to coat when the solids are
over 45%. Latex binder migration was reduced with respect to standard
formulations for all conditions, except for coatings on the blotter paper dried at
air temperature. This result on blotter paper may be caused by the way the latex
binder moves into the sheet during the application. For the standard
formulation, the latex binder gets trapped away from the top coating surface.
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The LCP formulations had an increased opacity, porosity, and dewatering rate
as compared to the standard formulations; these results indicate a more porous
coating layer for the LCP formulations compared with the standard.
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CHAPTER 4 : INFLUENCE OF ELECTROSTATIC INTERACTIONS ON
THE DEWATERING AND MECHANICAL PROPERTIES OF
CELLULOSE NANOFIBER/PRECIPITATED CALCIUM CARBONATE
COMPOSITE FILMS

4.1 Introduction
Cellulose nanofibrils (CNF) have potential use in various industries, such
as electronics, health care, packaging, bioplastics, and polymers (Zhang et al.
2013; Trache et al. 2020; Dias et al. 2020) and have generated much interest
because of their sustainability, potential for recycling, and end-of-life behavior.
CNF, when dried into a film, has a low density and high specific strength. The
CNF films contain surface hydroxyl groups that render the material hydrophilic,
and the surface properties of the films can be modified through chemical
reactions with these hydroxyl groups. Layers of CNF films, when dried in a hot
press, have shown remarkable mechanical properties with specific strengths of
184-207 MPa that are comparable to aluminum, and a toughness six times that
of polystyrene (El Awad Azrak et al. 2019). CNF has good adhesion properties
due to its high surface area and abundance of surface hydroxyl groups, which
makes it suitable for use as a binder in applications, such as in coatings
(Rautkoski et al. 2015; Nazari and Bousfield 2016) or in the production of
particleboard (Amini et al. 2017; Diop et al. 2017).
Many researchers have shown that CNF films have excellent oxygen,
oil, and grease barrier properties, which make CNF desirable for use as a layer
for packaging materials (Wang et al. 2017; Qin et al. 2019; Tyagi et al. 2019).
Pigments can be mixed with the CNF to reduce cost (Rantanen et al. 2014;
Huang et al. 2020), increase brightness, or impart textural features (He et al.
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2016; Ottesen et al. 2016; Hafez et al. 2020). CNF and pigment mixtures form
plastic-like structures once they are dried which can serve as replacements for
single-use plastics (Torvinen et al. 2015; Honorato et al. 2015; Khalil et al.
2016).
CNF suspensions are generally produced by mechanical shearing of
pulp fibers in aqueous suspension or by chemical treatment at low
consistencies of 1-3% solids. Therefore, it is important to drain the water from
the suspension in order to use CNF in various applications. However, the
dewatering of CNF suspensions is difficult due to the retention of water in the
hydrogen-bonded network of fibers and this issue puts limitations on the use of
CNF-pigment suspensions in various applications (Brodin et al. 2014).
As a result, there has been much effort at developing methods to
improve the dewatering of CNF suspensions. It has been shown that the
addition of salt to the CNF suspensions affects the dewatering behavior of CNF
(Sim et al. 2015). Dimic-Misic et al. (2013) studied the effect of shear rate on
the dewatering behavior of CNF and showed that shearing and dewatering
could be achieved simultaneously. Amini et al. (2019) found that the addition
of wood particles to a CNF suspension improves dewatering behavior by a
contact dewatering mechanism. Chemical modifications of CNF have reduced
the water draining capacity, which leads to difficulty in the drying process (Fein
et al. 2020). Also, the addition of anionic pigments and fillers to the CNF
suspensions has shown a reduction in the water drainage behavior of the CNF
mixed with fibers and pigments (Hii et al. 2012).
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Building on the concept of contact dewatering, we hypothesize that by
using cationic pigments instead of the traditional anionic pigments in a
CNF-pigment suspension, higher adsorption of CNF on the cationic pigment
will occur, leading to an increase in the water drainage rate. To test this
hypothesis, we have investigated the dewatering behavior of CNF/cationic PCC
(CC) and CNF/anionic PCC (CA) suspensions and show how this affected film
properties, such as porosity, mechanical strength, and CNF/PCC distribution
4.2 Experimental
4.2.1 Materials
The cationic PCC was supplied by Minerals Technologies as a filter cake
at 48% solids content. This PCC does not contain any dispersant and is
naturally cationic. It had a measured average particle size distribution of 2-2.5
µm and zeta potential of +32 ± 2 mV. The CNF at 15 wt.% solids was supplied
by the Process Development Center at the University of Maine as a filter cake.
The CNF is produced with a refiner, recycling of the fibers until 90% of the fibers
are less than 200 µm in length. The Sodium polyacrylate solution (Mw 1
̴ 5,000)
at 35% wt in water was supplied by Sigma Aldrich.
4.2.2 Methods
4.2.2.1 Formation of CNF/PCC suspensions
To prepare a suspension of CNF, 165 g of the CNF cake was added to
4000 mL of DI water under constant stirring at 2000 RPM for 20 minutes using
an overhead propeller mixer.

The final solid content of the CNF stock

suspension was 0.6 wt.%. CC suspensions containing 10, 30, and 50 wt.%
cationic PCC were prepared by adding various amounts of the cationic PCC to
500 mL of the 0.6 wt.% CNF suspension under constant stirring at 2000 RPM
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for 20 minutes. An overhead propeller mixer was used to stir the suspensions.
These suspensions at 10, 30, and 50 wt.% cationic PCC are abbreviated as
10CC, 30CC, and 50CC, respectively. The solid content of the final suspension
was adjusted to 0.6 wt.% solids by adding supernatant from the stock cationic
PCC obtained from Minerals Technologies. The supernatant from the stock
cationic PCC was used to avoid a change in the zeta potential of the cationic
PCC during dilution to a final solid content of 0.6 wt.%.
For comparative purposes, CA suspensions were produced using the
same procedures for generating CC suspensions. In this case, anionic PCC
particles were first generated by adding 2 mL of a 1% sodium polyacrylate
solution in one shot to a suspension containing 40 g of cationic PCC in 74 mL
of water while stirring at 2000 RPM using an overhead propeller. The
suspension was then stirred for an additional 15 minutes. The measured
particle size and distribution for the anionic PCC were the same as the cationic
PCC, whereas the zeta potential was -22 ± 1 mV. CA suspensions containing
10, 30, and 50 wt.% anionic PCC were prepared by mixing CNF with the anionic
PCC to a 500 mL quantity of CNF taken from the stock suspension (wet basis)
under constant stirring for 20 minutes at 2000 RPM using a propeller-type
mixer. These are abbreviated as 10CA, 30CA, and 50CA, for 10, 30, and 50%
anionic PCC, respectively. The solid content of the final suspension was
adjusted to 0.6% solids by adding DI water.
4.2.2.2 Water drainage
The initial water drainage rate is defined as the amount of water collected
after 1 minute of drainage of the suspensions. A 250 g sample of CA or CC
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suspension was poured into a 13.5 cm diameter Büchner funnel lined with a
wetted 12.5 cm diameter Whatman filter paper grade 5. The drainage was
performed under 0.75 atm pressure provided by a water aspirator. The total
water drainage time and final solid contents in the filter cake were also
measured. Total drainage time was defined as the time from the initial pouring
of the suspension into the Büchner funnel to the time when water drops dripping
from the Büchner funnel were ten seconds apart. After the filtration was
completed, the solids content was determined from the weight of the filter cake
after removing the filter paper and drying the cake in the oven at 103 oC for 24
hours, as per ASTM-D2974-14 (2014). We also determined the filter cake
resistance from the volume of water collected in 1 minute using the constant
pressure filtration equation:

Equation 4.1
where t is the time of filtration (s), VA is the volume filtered per unit area (m), ΔP
is the pressure difference (Pa), µ is the viscosity (Pa.s) of the fluid phase, α is
the filter cake resistance coefficient (m/kg), Cs is the slurry concentration
(kg/m3), and Rm is the membrane/filter paper resistance (1/m).
4.2.2.3 Film preparation
A volume of 125 mL for the CC or CA suspension at 0.6% solids was
used to generate films with a basis weight of 60 g/m2. The suspensions were
poured into a 13.5 cm diameter Büchner funnel (700 mL capacity) lined with a
wetted 12.5 cm diameter Whatman filter paper grade 5. The water was drained
under 0.75 atm pressure. The filtration continued until droplets dripping from
the Büchner funnel were 10-20 seconds apart. After draining, the CNF films,
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including the filter paper, were placed on in-house designed metal plates. Wet
films were restrained on the plates using specially designed plastic rings to hold
them flat and then air-dried for 24 hours. in a TAPPI-conditioned room at 23 °C
and 50% RH. The plastic rings were 10 cm inner diameter pipes that were 4.5
cm high and included 2 cm diameter holes to ensure airflow. Films were
removed from the metal plates the next day and each film was trimmed to a 10
cm diameter to remove the outer regions pressed under the drying rings (Fein
et al. 2021). The filter paper was removed, and the films were left in the TAPPI
room for an additional 48 hours for conditioning (TAPPI-402 2013). The basis
weight was then determined by measuring the weight of the film and dividing it
by the film area.
4.2.2.4 Porosity
The porosity of the CNF/PCC films was measured by a mercury intrusion
porosimeter following ASTM D4404-18 (2018).

The porosity was also

measured by saturating the samples with silicone oil and measuring the weight
change. To measure the porosity using silicone oil, film samples were first cut
into 2x2 cm2 square pieces. The thickness and mass of these pieces were then
measured. All pieces were then covered in silicone oil for 24 hours. The excess
oil on the surface was removed with wipes and the samples were weighed. The
porosity of the film was calculated as

Equation 4.2
where Wo is the weight of the oil-saturated film (g), Wd is the weight of the dry
film (g), ρo is the density of the silicon oil (g/m3), Ais the surface area of the
sample (m2), and L is the thickness of the sample (m).
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4.2.2.5 Turbidity
Turbidity measurements were used to determine the relative amount of
CNF that is not bound to the cationic and anionic PCC. All CA and CC
suspensions were centrifuged at 900 RPM. The time required to centrifuge the
sample was dependent on the mass ratio of CNF to PCC in the suspension.
For 50 CC and CA suspensions, this required about 5 minutes whereas 30 CC
and CA and 10 CC and CA suspensions required 8 and 12 minutes,
respectively. After centrifuging, the supernatant from each suspension was
collected and the turbidity of the supernatant was measured using a turbidity
meter (SPER Scientific Direct, model 860040). The meter was calibrated using
the company's standard solutions of 0 NTU and 100 NTU. Three samples of
the supernatant of each suspension were analyzed and average values are
reported.
4.2.2.6 Raman spectroscopy
Raman spectroscopy was used to analyze the surface composition of
the films. Four films were made for each suspension of the various CA and CC
suspensions. Films were analyzed at two different positions on the front and
backside of the films and the average values of the total of 8 readings from the
front side and a total of 8 readings from the backside of the films were reported.
Raman spectra were collected using a Renishaw Raman 1000 imaging
microscope system. The excitation source is an SDL-XC 30 diode laser from
SDL Inc, operating at a wavelength of 785 nm and 35 mW power. The spot size
was approximately 2 mm in diameter with a 4 µm penetration depth, using a 5X
LEICA N PLAN objective. Films were cut into 2x2 cm2 pieces. A PCC Raman
band appeared at 1086 cm-1 and CNF bands appeared at 1096 and 1120 cm-1.
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The CNF/PCC band intensity ratios (1120 cm-1/1086 cm-1) were calculated to
monitor relative changes in the CNF and PCC distributions on the surface of
the films.
4.2.2.7 XRD
The X-Ray powder diffraction patterns were recorded on a PANanalytical
X’pert MRD X-Ray diffraction system using Cu Kα radiation at a scanning rate
of 0.5º/sec from 50º to 500º angle. The films were placed on double-sided
transparent tape. X’pert HighScore Plus Software was used to analyze the
spectra.
4.2.2.8 Tensile measurements
The ASTM standard D638-02a method (2012) was used to measure the
mechanical properties of the films. Film strips 7 cm in length and 1.5 cm wide
were measured using an INSTRON (5564) mechanical tester. The rate of the
extension was set at 25 mm/minute A minimum of eight strips were measured
and the average maximum stress, strain at break, and Young’s moduli were
reported.
4.3 Results and discussion
4.3.1 Films
Photographs of all CNF/PCC and CNF films are shown in Figure 4.1. All
films were opaque and appeared similar by visual inspection. No difference in
film texture was observed when substituting cationic PCC for anionic PCC in
the formulation. A minor funnel pattern and tiny defects at the edge are
observed in a few films. All the films have a diameter of 10 cm. There was no
difference observed in the thickness of CC and CA films at the same PCC
loading. The thickness of the films was decreased with a decrease in PCC
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loading. Films with 50, 30, and 10% PCC had thickness measurements of
120±3, 100±4, and 65±2 µm respectively.

Figure 4.1 Images of different films
(a) CNF, (b) 50CA, (c) 50CC, (d) 30CA, (e)30CC, (f) 10CA, and (g) 10CC films
of 10 cm diameter length
4.3.2 Water drainage
Figure 4.2 shows the initial water drainage rate and total drainage time
of CC, CA, and CNF suspensions. All but one of the CC and CA suspensions
had faster initial drainage rates and shorter total drainage times than pure CNF
suspensions. For example, the 50 CA and 10 CA suspensions show a 50 and
16 % increase in initial drainage rates, compared to the CNF suspension. The
exception was the 30 CA suspension, which had the same initial water drainage
rate as the CNF suspension (p-value = 0.09, p> 0.05). More important, all CC
suspensions had faster initial drainage rates and shorter total drainage times
than their corresponding CA suspensions. For example, the 10, 30, and 50 CC
suspensions had 1.4, 2.7, and 1.7 times faster water drainage rates than their
corresponding CA suspensions.
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Figure 4.2 Water drainage rates
(a) Initial water drainage rate and (b) the total time to drain water for CA, CC,
and CNF suspensions at various %PCC
Figure 4.3 shows the results for the maximum solids content in the filter
cake obtained after total drainage of the water. The 50 CC suspension showed
the highest (26%) solid content and had the shortest drainage time (3 minutes).
All other filter cakes had the same 22% solids content. A CNF suspension had
the longest total water drainage time (14 minutes), as shown in Figure 4.22b,
and the solid content of the filter cake was 17 % (see Figure 4.3).

Figure 4.3 Solid content in a filter cake
Maximum solids in the filter cake after total water drainage of CC, CA, and CNF
suspensions
4.3.3 Porosity
One possible reason for a faster water drainage rate for CC suspensions
is that higher porous structures are developed during the filtering step,
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compared to their CA counterparts. Figures 4.4a, b show the cumulative pore
volume and pore size distribution and Table 1 shows the overall porosities for
the dry films, as determined from the mercury intrusion porosimeter. The plots
in Figure 4.4 and the values given in Table 1 show that the CNF/PCC ratio has
the largest effect on the pore volume and overall porosity, irrespective of the
cationic or anionic nature of the PCC. The 50 CC and 50 CA films have about
62% porosity, whereas the 30 CC and CA films have 42-45%, and the 10 CC
and CA films have about 18% porosity. A similar trend is observed for the values
obtained using the silicon oil method. However, the porosities obtained with the
silicon oil were lower in values than those obtained by the mercury intrusion
porosimeter. This is consistent with results reported by (Hossen et al. 2020):
the ability of CNF to resist oil penetration may cause the silicon oil method to
give low results. This porosity difference is large at low PCC content and may
link to the good oil barrier properties of CNF films (Tayeb et al. 2020; Fein et al.
2021). Nevertheless, the primary factor controlling pore structure is the PCC
content and this is shown in Figure 4.4. This could be because pigments set
the pore structure and the CNF fills in the pores between the pigments. While
the pore volumes explain the trend in water drainage with PCC content, it does
not account for the differences between CC and CA films at the same PCC
loading. The filter cake resistance of all suspensions in the wet state was
calculated from the 1-minute drainage time data and viscosity of water. The
filter cake resistance values are given in Table 1. The filter cake of CC
suspensions showed 3, 4, and 1.5 times lower filter cake resistance than that
of CA suspensions at 50, 30, and 10 % PCC loading, respectively. This could
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be the reason that all CC suspensions had a faster water drainage rate than
their counterpart CA suspensions at the same PCC loading.

Figure 4.4 Pore volume analysis
(a) Cumulative pore volume less than 1.0 µm for CA and CC films and (b)
log-mean pore size distribution less than 1.0 µm for CA and CC films
Table 4.1 Porosity of CC and CA films and filter cake resistance of CC and CA
suspensions
Filter cake
Porosity by
Porosity by mercury
Formulation
resistance (m/kg)
silicon oil (%)
porosimeter (%)
x 1013
50 CC
53
61.8
1.6
50 CA
44
62.3
4.6
30 CC
37
45
2.6
30 CA
34
42
10
10 CC
4
18
3.3
10 CA
4.3
18.2
4.8

4.3.4 Turbidity
Another reason for the faster water drainage rate of CC suspensions
than their CA counterpart stems from the electrostatic attraction between the
cationic PCC and anionic CNF. This interaction would disrupt the hydrogel
structure of the CNF, leading to adsorption of the anionic CNF on the surface
of cationic PCC and leading to the release of water between PCC particles.
This is the underlying principle behind the concept of contact dewatering
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described by (Amini et al. 2019): the addition of wood flour to CNF suspension
leads to adsorption of the CNF on the wood particles, resulting in faster water
drainage of the overall suspension. The adsorption of anionic CNF on the
surface of cationic PCC increases the free water in the system which results in
lower effective viscosity of the fluid phase of CC suspensions. Hence CC
suspensions showed improvement in the water drainage rate when compared
to CA suspensions.
Evidence to support the high adsorption of CNF on the surface of the
cationic PCC is provided by the turbidity measurements shown in Figure 4.5.
After separation of the supernatant by centrifuging, the CA supernatant showed
higher turbidity than their CC counterparts. This is the result of less CNF bound
to the anionic PCC, compared to the cationic PCC. As the concentration of
PCC decreases in the CA samples, the centrifuge time needed to achieve
separation between the solid and liquid phase increases, and the turbidity of
the CA samples decreases. The increase in centrifuge time is caused by a low
amount of the high-density PCC particles in the mixture. This increase in time
also led to CNF fibers centrifuging out of the suspension and hence, resulted in
less turbid supernatants.
All CC suspensions required the same time for separation as the CA
suspensions at the same PCC loadings. The 50CC and 50CA suspensions
showed a pronounced difference in turbidity: most of the CNF was adsorbed
onto the cationic PCC whereas, for the anionic PCC, free CNF was observed
in the supernatant that leads to high turbidity. For all CC suspensions, as PCC
loading decreased, the turbidity increased. This result shows that a limited
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amount of CNF attaches to the cationic PCC and as the amount of cationic PCC
decreases, there is not enough cationic PCC particle available to adsorb the
CNF. This, in turn, leads to an increase in the turbidity of CC suspensions as
the amount of cationic PCC decreases.

Figure 4.5 Turbidity of the supernatant of CC and CA suspensions at different
PCC loadings
4.3.5 SEM
SEM images of all CA and CC films are shown in Figure 4.6. In all CA
films, PCC particles are observed at the surface of the films and do not seem
to be covered by CNF fibers. However, in the case of CC films, the PCC
particles are covered by CNF fibers. This further supports that CNF fibers are
adsorbing on the cationic PCC surface. Large micron size fibers are observed
in the SEM images which could be from aggregation that occurs during drying
and films formation or from non-fibrillated fibers in the CNF source.
4.3.6 Raman spectroscopy
The adsorption of the CNF on the surface of the cationic PCC should
also be reflected in the relative movement of the CNF to the PCC during the
drying of the film. For example, we would anticipate that during drying, the
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adsorption of the CNF on the cationic PCC would lead to a more uniform
distribution of CNF to PCC in the CC films. Raman spectra of the films were
recorded to investigate the relative movement of the CNF to the PCC in the
films. Figure 4.7 shows the Raman spectra of the back and front sides of all CA
and CC films. The band at 1086 cm-1 is the CO3 stretching mode in the PCC
peak and the bands at 1096 and 1120 cm -1 are the skeletal vibrational modes
(C–O–C) of the glycosidic linkages of CNF.

Since the direction of water

drainage is from the front to the back of the film, a smaller difference in the
intensity ratio of the 1120 cm-1/1086 cm-1 bands (CNF/PCC) would occur for
suspensions where there was more adsorption of CNF on the PCC. This is
indeed the case, as a more uniform distribution of CNF/cationic PCC was found
for the CNF/PCC band ratios shown in Figure 4.8. In Figure 4.8a, values for the
CNF/PCC band ratio for CC films are the same for the back and front sides of
the film.

Figure 4.6 SEM images of all CA and CC films
SEM images of (a) 50CA, (b) 30CA, (c) 10CA, (d) 50CC, (e) 30CC, and (f)10CC
film
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Figure 4.7 Raman spectra of the back and front sides of CC and CA films
However, the CNF/PCC band ratios for the CA films are different, as
evidenced by the separation observed for two curves shown in Figure 4.8b. A
separation in band ratios is higher in the 10 CA, compared to 30 and 50 CA,
because more CNF is free to migrate to the surface.
4.3.6 XRD
In Figure 4.9 the XRD spectra show crystalline peaks for both cellulose
and PCC. The most prominent peaks for cellulose show up at 16.5º and 22.4º
corresponding to 110 and 200 planes. The PCC has peaks at 22.9º, 29.3º,
35.9º, 39.3º, 43.1º, 47.5º, and 48.5º representing 012, 104, 110, 113, 202, 024,
and 116 planes.
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Figure 4.8 Raman analysis of films
Raman band intensity ratio (1120 cm-1/1086 cm-1) for the front and back sides
of (a) CC and (b) CA films
The crystallinity index (C.I.) of various CNF/PCC films was calculated
using the Segal method (Segal et al. 1959) and shown in Figure 4.10. In this
method, the peak intensity of 200 plane (I200) at 22.4º and the intensity of the
valley (Iam) between 22.4º and 16.5º is used. The valley represents the
amorphous region of CNF. The crystallinity index is calculated using the
following equation:

Equation 4.3
The calculated C.I. of all different films is shown in Figure 4.10. There is
no difference observed in the C.I. for films having 30 and 10% PCC loading.
C.I. of these films is in the range of 75-80%. However, films having 50% PCC
showed a 20% reduction in the C.I. compared to the films with 30 and 10 %
PCC. This supports the observation of lowered tensile stress and Young’s
modulus for tensile strain as a function of PCC loading.
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Figure 4.9 XRD pattern of various CNF/PCC films
The XRD spectra show crystalline peaks for both cellulose and PCC.

Figure 4.10 Crystallinity index for the untreated dry films
4.3.7 Tensile properties
Figure 4.11 shows tensile strain at break, maximum tensile stress,
Young’s moduli, and toughness for the CA and CC films. As expected, while
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the PCC loading increased, Young’s modulus, tensile stress, toughness, and
strain decreased for both CC and CA films.

Figure 4.11 Tensile properties of films
(a) Tensile strain at break, (b)maximum tensile stress, (c) Young’s moduli, and
(d) Toughness of CA, and CC films
This decrease is expected and consistent with what others have reported
about pigment addition to paper webs and CNF films (Honorato et al. 2015).
This reduction in tensile stress, Young’s moduli, and strain can be explained by
the C.I. calculated from XRD measurements and shown in Figure 4.3.10. Films
having 50% PCC showed a 20% reduction in the crystallinity of the films
compared to films having 30% and 10 % PCC. This reduction could be
attributed to the fact that at 50% PCC loading PCC can have maximum
structural interaction interactions with CNF fibers which leads to disruption of
the hydrogen bonds and crystalline regions in CNF. However, at 30 and 10%
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PCC loading these interactions are may not be as effective in reducing
hydrogen bonds and the crystallinity of the films, hence did not show any
difference in the C.I. values. This finding is confirmed by a study done by Almasi
et al (2018), in which they integrated CuO nanoparticles into CNF to create
nanohybrids and discovered that the inclusion of CuO nanoparticles generated
structural changes in CNF, resulting in a reduction in crystallinity. Others have
also reported that disruption of hydrogen bonding can affect the crystallinity of
CNF (Tayeb et al. 2018).
The CA and CC films at 50% PCC showed a similar Young’s modulus
value of around 1.1 GPa. The other CA films had 12-17% higher Young’s
moduli, compared to the CC films at the same PCC content. CNF film had
Young’s modulus of 3.7 GPa that was similar to the values reported by Fein et
al. (2021). Overall, the films with anionic PCC had better mechanical properties
when compared to their counterpart cationic PCC films. This result can be
explained by the adsorption of CNF onto the pigment as this, in turn, hinders
the ability of CNF to retain and form hydrogen bonds in the structure (He et al.
2016). In the case of CC films, this hydrogen bonding was hindered and hence,
a slight reduction in tensile properties was observed.
A key result is that films with 30 and 10 % PCC had Young’s moduli of
1.5 and 3.7 GPa, respectively. These results suggest that composite films of
CNF-PCC have the potential to replace petroleum-based plastics in many
single-use plastic applications to make products such as food containers, cups,
lids, and utensils (Gopanna et al. 2021) if methods to form the product are
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developed and other physical properties, such as water resistance, can be
achieved.
4.4 Conclusions
This study shows that the addition of cationic PCC in the CNF
suspensions leads to faster water drainage when compared to the addition of
anionic PCC. This faster drainage is attributed to the fact that CNF adsorbs on
the surface of cationic PCC and disrupts the hydrogel structure in the fluid
phase between pigments thereby reducing the viscosity of the fluid phase. This
phenomenon causes the easy release of water from the CNF suspensions. The
adsorption of CNF on the cationic PCC is confirmed by turbidity measurements.
Raman spectroscopy measurements confirm that films with cationic
PCC show a uniform distribution of CNF and PCC in the film, as compared to
films with anionic PCC. Films with anionic PCC had 12-17% higher Young’s
moduli than films with cationic PCC; this is likely related to the fact that
adsorption of CNF on cationic PCC can obstruct hydrogen bonding in CNF.
Nevertheless, all CNF/PCC films showed Young’s moduli and tensile stress of
3.7 GPa and 60MPa respectively at 10 % PCC loading. This suggests the
potential to use CNF/PCC composites to replace single-use plastics in certain
applications.
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CHAPTER 5 : GENERATION OF HYDROPHOBIC CNF/PCC FILMS
USING ESTERIFICATION REACTION VIA SUPERCRITICAL CO2
TREATMENT

5.1 Introduction
The most commonly used plastics are polyethylene,
polyethylene

terephthalate,

and

polypropylene,

none

of

polystyrene
which

are

biodegradable (Kubowicz and Booth 2017). These petroleum-based plastics
accumulate in the environment and end up in landfills and our oceans (Ncube
et al. 2020). CNF, on the other hand, is both a biopolymer and a biodegradable
polymer (Simon et al. 1998). One of the hurdles to using CNF as a polymer
stems from the need to remove water from the CNF suspensions. In Chapter
4, we describe an approach to improving water drainage from CNF
suspensions. In particular, we used a cationic PCC instead of an anionic PCC
as a filler and this leads to a faster water drainage rate during CNF film
formation. Replacing the anionic PCC with a cationic PCC had minimal impact
on the mechanical properties of the film.
This chapter builds on the work described in Chapter 4 in that we now
investigate the water-resistance aspect of these CNF/PCC films. While CNF
based polymers have the attractive property of being biodegradable, this occurs
too rapidly as film degradation begins immediately upon contact with water.
Given the ubiquitous prevalence of water, a means of slowing down the
degradation process will be required before CNF based plastics could be a
viable replacement for petroleum-based plastics.
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Recently, Sabrina Sultana, a graduate student in our laboratory, has
been developing approaches to generate hydrophobic CNF fibers by using an
acetylation reaction conducted in supercritical CO2. The reaction. as shown in
Figure 5.1. is an esterification reaction between acetic anhydride and the
hydroxyl groups of CNF in the presence of pyridine as a catalyst.

Figure 5.1 Esterification reaction of CNF using an acid anhydride
Supercritical CO2 has high diffusivity and thus, enables reagents to
access inner regions of the fibers which result in a high level of reaction with
the OH groups. Furthermore, the supercritical CO2 has no surface tension and
thus, no aggregation of the fibers occurs upon venting the CO 2 (Matsunaga et
al. 2010; Cui et al. 2010; Nishino et al. 2011; Ahn et al. 2015). Capitalizing on
these two attributes, Sabrina then applied this approach to the surface
treatment of pulp sheets and showed the acetylation reaction that occurred
throughout the sheet. The treated sheet had the same morphology and shape
and the surface was hydrophobic, as evidenced by the water contact angle. A
natural extension is to apply the supercritical CO2-based treatments to the
CNF/PCC films produced in Chapter 4 and investigate the mechanical
properties after immersion in water.
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5.2 Experimental
5.2.1 Materials
Acetic anhydride (AA), butyric anhydride (BA), hexanoic anhydride (HA),
pyridine (Py), and sodium polyacrylate (NaPA, Mw ̴15,000, 20% wt/vol in water)
were purchased from Sigma Aldrich and were used without further purification.
The cationic PCC was supplied by Minerals Technologies as a filter cake at
48% solids content. This PCC does not contain any dispersant and is naturally
cationic. It had a measured average particle size distribution of 2-2.5 µm and
zeta potential of +32 ± 2 mV. The CNF at 15 wt.% solids and 90% fines was
supplied by the Process Development Center at the University of Maine as a
filter cake. Polymer A is a compostable barrier coating with a propriety
formulation, supplied by Mantrose - Hauser (VerdeCoat®), at 25% wt/vol in
water.
5.2.2 Methods
5.2.2.1 Surface treatment with a hydrophobic barrier coating
Preparation of the stock CNF/PCC suspensions and films are described
in Chapter 4. The performance of films, after hydrophobic treatment using
supercritical CO2, was compared to those obtained using a commercial
hydrophobic barrier coating. A dip-coating process was used to generate films
coated with the hydrophobic barrier coating (see Figure 5.2). Samples of 50CC
and 50CA films were cut into 9 x 1 cm dimensions and weighed. A 200 mL
volume of the Polymer A suspension was poured into a 15 cm diameter shallow
container. The films were securely held between two clamps and dipped into
the container. The coated films were then clamped to the drying stand along
the width and the excess polymer was removed by rolling two glass rods
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simultaneously in the vertically downward direction. Coated films were air-dried
for 5 minutes before being transferred to an oven for additional drying at 110oC
for 20 minutes. The coated strip was removed from the oven, and the strips
were left in a TAPPI room for an additional 24 hours for conditioning (T 402
TAPPI Standard). The coat weight was then determined by subtracting the
weight of the uncoated strip from the coated strip and dividing the difference in
weight by the area of the strip.

Figure 5.2 Schematic of the dip coatings
5.2.2.2 Surface modification of CA and CC films in supercritical CO2
The CA and CC films were surface modified in supercritical CO2 by an
esterification reaction with the hydroxyl groups of CNF. Figure 5.3 shows the
setup for this reaction. The liquid reagent consisting of 1 mL of AA and 1.5 mL
of Py was placed at the bottom of a glass vial and inserted into the bottom of
the reaction vessel. The films were rolled and inserted inside the stainlesssteel chamber above the vial such that they do not contact the liquid reagent.
The chamber was then pressurized with liquid CO2 at 900 p.s.i using a Teledyne
SFC24 pump. The reactor was then heated to 1500C. When heating the
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reactor, the pressure inside the chamber increased. To prevent the pressure
from exceeding an upper pressure limit of 3000 p.s.i., the CO2 exit value was
opened slightly while heating to allow the CO2 to escape from the exit value
while maintaining the pressure near 2000 p.s.i. Once, the temperature reached
1500C, the exit valve was closed for the remainder of the reaction. After 2 hours
of reaction, the cell was vented and the films were removed and stored in a
plastic bag.

Figure 5.3 Experimental setup for the esterification of CA and CC films in
supercritical CO2
The films described in this chapter are named according to the surface
treatment, ratio of CNF/PCC, and the anionic or cationic nature of the PCC. The
abbreviations of various samples are given in Table 5.1.
Table 5.1 Various CNF/PCC films and their abbreviations
Sample
name

50CC
50CA
30CC

% Anionic % Cationic %CNF
PCC
PCC

50

50
50
70

50
30
105

Acid anhydride
treatment
or
Polymer
coating
No treatment
No treatment
No treatment

Table 5.1 Continued.
30CA
30
10CC
10CA
10
Polymer A
coating
50CC
Polymer A 50
coating
50CA
50CCA
50CAA
50
30CCA
30CAA
30
10CCA
10CAA
10
50CCB
50CAB

50

50

Polymer A

50
50
70
70
90
90
50

Acetic anhydride
Acetic anhydride
Acetic anhydride
Acetic anhydride
Acetic anhydride
Acetic anhydride
Butyric
anhydride
Butyric
anhydride
Butyric
anhydride
Butyric
anhydride
Butyric
anhydride
Butyric
anhydride
Hexanoic
anhydride
Hexanoic
anhydride
Hexanoic
anhydride
Hexanoic
anhydride
Hexanoic
anhydride
Hexanoic
anhydride

70
70
90
90

50
50

50
50

30
30

70
70

10
10

No treatment
No treatment
No treatment
Polymer A

50

10

10CCH
10CAH

10

10

30CCH
30CAH

30

30

50CCH
50CAH

50

30

10CCB
10CAB

50

50

30CCB
30CAB

10

70
90
90
50

90
90

5.2.3 Characterization
FTIR spectra were recorded with a PerkinElmer SpectumTwo FTIR-ATR
(Waltham, MA, USA) using a zinc selenide crystal. The resolution was 4 cm-1
and each spectrum is an average of 50 scans. X-ray powder diffraction patterns
were recorded on a PANanalytical X’pert MRD X-Ray diffraction system using
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Cu-Kα radiation at a scanning rate of 0.5 /sec from 50 to 500 angle. The films
were placed on double-sided transparent tape. X’pert HighScore Plus Software
was used to analyze the spectra.
5.2.4 Tensile measurements
Mechanical properties of film strips (9 x 1 cm) were measured on an
INSTRON (5564) mechanical tester using the ASTM standard D638-02a
method. Tensile measurements were performed on the films before and after
water immersion. The rate of the extension was set at 25 mm/min. A minimum
of six strips of each sample type were measured before and after immersion in
water and the average maximum tensile stress, strain at break, Young’s moduli,
and toughness are reported. Water immersion was performed by adding a film
to a beaker of water for 5 minutes. When a strip with no surface modification
was added to the beaker, it immediately sank to the bottom of the beaker. When
a surface modified strip was first added to the beaker, it floated on the surface
of the water for about 10 seconds and then sank to the middle of the beaker.
After 5 minutes of immersion, the strips were removed from the beaker and the
excess water was removed by pressing the film between two blotter papers for
6-7 seconds. The mechanical properties were measured immediately after
immersion in the water. We refer to films before and after immersion in water
as dry and wet films, respectively.
5.3 Results and discussion
5.3.1 Tensile properties of films coated using the hydrophobic barrier
coating
Figure 5.4 shows the tensile properties of uncoated and Polymer A
coated films for both dry and wet films. The coat weight of the dip-coated films
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was in the range of 12±2 g/m2 and thickness was 116 µm. For Polymer Acoated 50CC and 50CA dry films, the average strain at break was 5% for both
uncoated and coated dry films. In contrast, Polymer A coated 50CC and 50CA
dry films showed a 2, 5 and 1.5 times reduction in tensile stress, Young’s
moduli, and toughness, respectively, compared to their uncoated counterpart.
Recall that the purpose of surface treating the dry films was to achieve
water repellency while maintaining the tensile strength. Here, the simple act
of applying the Polymer A coating itself reduced the mechanical properties
before exposure to any water. This reduction in the dry state can be explained
by the fact that Polymer A is a water-based dispersion. When the dispersion is
applied to the dry film, the water molecules wick inside the film.
hydrophobic coating dries first, trapping water inside the film.

The

The water

degrades the CNF film architecture which results in a reduction in tensile stress,
Young's modulus, and toughness of the dry films.
Nevertheless, we continued with the experiment and immersed the
Polymer A-coated dry films in water. After water immersion, all wet films (either
uncoated or coated with Polymer A) showed about a 70% improvement in the
tensile strain at break. This is because the films become more malleable after
water immersion. However, the wet films are further weakened, as evidenced
by an 87% and 97% reduction in the maximum tensile stress and Young’s
moduli of the wet films compared to the dry films. There was no difference in
tensile stress, Young’s moduli, or toughness between coated and uncoated
films after water immersion. Polymer A coated and uncoated 50CC and 50CA
wet films both had average strain at break (16.5 %), maximum tensile stress (1
MPa), Young’s modulus (0.014 GPa), and toughness (17 J/cm3).
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Figure 5.4 Tensile properties of Polymer A coated all CNF/PCC wet and dry
films
(a) Strain at break of 50 CC and 50CA coated and uncoated dry films (b) Strain
at break of 50 CC and 50CA coated and uncoated wet films (c) Maximum tensile
stress of 50 CC and 50CA coated and uncoated dry films (d) Maximum tensile
stress of 50 CC and 50CA coated and uncoated wet films (e) Young’s modulus
of 50 CC and 50CA coated and uncoated films in a dry state (f) Young’s
modulus of 50 CC and 50CA coated and uncoated dry films (g) Toughness of
50 CC and 50CA coated and uncoated wet films (h) Toughness of 50 CC and
50CA coated and uncoated wet films.
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Thus, the hydrophobic barrier coatings were shown to be ineffective at
improving the water-resistance of cellulose/PCC-based films. As a result,
further work with Polymer A coatings was abandoned, so we did not apply this
coating to 30CC, 30CA, 10CC, or 10CA dry films.
5.3.2 Characterization of surface-treated dry films prepared by using the
esterification in supercritical CO2
Figure 5.5 shows representative pictures of treated and untreated films.
After treatment, none of the films showed any visual changes in appearance.

Figure 5.5 Pictures of untreated and treated films
(a) all CC and CA films before treatment (b) all CCB and CAB films after butyric
anhydride hydrophobic treatment
5.3.2.1 IR spectroscopy
Figure 5.6 shows representative IR spectra of 50CA before and after
esterification with AA, BA, and HA. Peaks in all spectra for cellulose that appear
at 1060 cm-1, 2800-2900 cm-1 and 3400-3500 cm-1 are C-O-C, C-H, and OH
vibrational modes, respectively. Peaks at 712 cm-1, 872 cm-1, and 1420 cm-1 are
the CO32- in-plane bending, out of plane bending, and asymmetrical stretch,
respectively of PCC. After the esterification reaction, a peak at 1740 cm -1
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appears. This is the C=O stretch of the ester bond formed between the OH
group of CNF and the esterifying agent (AA, BA, and HA).
The relative level of esterification reaction was calculated by taking a
ratio of the ester band (1740 cm-1) to the cellulose band (1060 cm-1) and the
ratio for all treated films is shown in Figure 5.7.
For a given ratio of CNF/PCC in a film, the 1740/1060 peak ratio
decreases as the length of the esterifying agent increases (Figure 5.7). We
attribute this to steric hindrance of the larger reactants reaching the inner
regions of the CNF. As the chain length increases, the penetration of the
reagent into the CNF would be impeded and this would lead to a lower level of
reaction with the OH groups.

Figure 5.6 FTIR spectra
50-50 CNF- anionic PCC (50 CA), before and after treatment, using acetic
anhydride (50CAA), butyric anhydride (50CAB), and hexanoic anhydride
(50CAH)
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Figure 5.7 Peak height ratio (1740/1060) for different dry films
5.3.2.1 XRD spectra
Figure 5.8 shows some representative XRD spectra for treated dry films.
The crystallinity index (CI) was calculated using the procedures described in
Chapter 4 and is given for all dry films, before and after treatment, in Figure 5.9.
As shown in Chapter 4, the change in tensile properties with PCC loading was
due to a disruption of the hydrogen bonding between CNF fibers and not due
to a change in the crystallinity of the CNF fibers. However, after surface
modification, the crystallinity could decrease because of the reaction with
hydroxyl groups within the crystalline regions of CNF. The data in Figure 5.9
shows this is not the case for esterification in supercritical CO2, as there is a
negligible change in the C.I. obtained from the XRD spectra for dry films before
and after reaction with the various anhydrides. The PCC particles already have
disrupted the hydrogen bonding, making the CNF more accessible to surface
reaction. Therefore, for these composite films, even after the esterification
reaction, the change in C.I. is minor.
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Figure 5.8 XRD spectra of all 50CA films, before and after treatment

Figure 5.9 Crystallinity index of dry films, before and after treatment
5.3.3 Tensile properties of films surface treated using supercritical CO2
Maximum tensile stress, strain at break, toughness, and Young’s moduli
of CC and CA dry films, before and after treatment in supercritical CO2, are
shown in Figure 5.10. We varied three factors: PCC loading in the films, the
type of PCC used in the films (cationic or anionic), and the type of anhydride
used in the esterification of the films (AA-treated, BA-treated, or HA-treated).
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After hydrophobic treatment, there was little, if any change in the tensile
properties of all treated dry films when compared to their respective untreated
films. The one exception was the 10 CC films where Young’s modulus
decreased about 30% after surface treatment.
As shown in Chapter 4, the PCC loading and the anionic or cationic
nature of the PCC affected the maximum tensile stress, Young’s moduli, and
toughness of the dry films. The data in Figure 5.10 shows that the esterification
from supercritical CO2 did not affect the tensile properties of the dry films.
Recall that surface modification of the dry films with the hydrophobic Polymer
A hydrophobic barrier coating formulation led to the undesirable deterioration
of the tensile properties of the film. In contrast, using the supercritical CO 2
approach has solved this issue in that we saw little, if any, reduction in the
tensile properties of the treated dry films.
5.3.3.1 Tensile properties of wet films
Maximum tensile stress, strain at break, toughness, and Young’s moduli
of all wet films are shown in Figure 5.11. All wet films show a reduction in the
maximum tensile stress and Young’s moduli, along with an increase in the
strain at break, when compared to the values for the respective dry films (see
Figure 5.10). This is a desired attribute as the intent is to inhibit the dissolution
of the bioplastic, as opposed to preventing the dissolving of the material, as this
would lead to accumulation of the material in our landfills and oceans. The
intent is to slow down this process to use the biopolymers for straws, plastic
covers, utensils, etc. that have contact with water.
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Figure 5.10 Tensile properties of dry CC and CA films, before and after
treatment in supercritical CO2
(a) Strain at break of all CC dry films (b) Strain at break of all CA dry films (c)
Maximum tensile stress of all CC dry films (d) Maximum tensile stress of all CA
dry films (e) Young’s moduli of all CC dry films (f) Young’s moduli of all CA dry
films (g) Toughness of all CC dry films (h) Toughness of all CA dry films.
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Figure 5.11 Tensile properties of wet films
(a) Strain at break for CC wet films (b) Strain at break for CA wet films (c)
Maximum tensile stress for CC wet films (d) Maximum tensile stress for CA wet
films (e) Young’s moduli for CC wet films and (f) Young’s moduli for CA wet
films (g) Toughness of all CC wet films (h) Toughness of all CA wet films.
In this regard, we observe that the hydrophobically treated films showed
a dramatic improvement over their untreated counterpart. For example, after
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immersion in water for 5 minutes, the hydrophobically treated films showed 5282% higher maximum tensile stress and 93-96% higher Young’s modulus,
compared to their respective untreated wet films. The untreated films do have
a higher strain at break, compared to the treated films. The untreated films are
fragile in that they do not hold their shape which translates to a higher strain
because they can be stretched further before breaking.
5.4 Conclusion
In Chapter 4, we showed that the mechanical properties of dry films
varied with PCC loading and the cationic/anionic nature of the PCC. In this
chapter, we showed that treating these films with the various esterification
agents had little effect on the mechanical properties of the dry films when
compared to their respective untreated dry films. However, under wet
conditions, the hydrophobic treatment in supercritical CO2 imparts a dramatic
improvement in the mechanical properties of the films.
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CHAPTER 6 : FUTURE WORK
6.1 Cationic coatings
We demonstrated in Chapter 1 that cationic coating formulations, based
on the use of PCC and SB latexes, can increase the strength of paper coatings
while using a lower level of binders. For future work, we suggest extending this
work to other cationic pigments, such as kaolin, bentonite, and talc. Various
other cationic binders could also be used, such as cationic starch. Furthermore,
their coating strength can also be tested on a variety of substrates, including
glass, steel, and other metals.
It is also possible to test these cationic coatings for anti-microbial
activities as cationic coatings have been demonstrated to exhibit antimicrobial
characteristics (Xia et al. 2012; Lin et al. 2018; Pranantyo et al. 2018). The
negatively charged phospholipids and proteins on bacterial cell surfaces
interact electrostatically with cations. These interactions reduce the cytoplasmic
membrane's permeability, resulting in the loss of cytoplasmic components and
the death of microorganisms.
Using the approach to generate cationic PCC could be extended to other
particles. For example, we could generate nano-sized cationic platy clays and
measure their oxygen barrier properties in coatings. The platy clays could lead
to a tortuous path for oxygen to diffuse through the coating layer (Zhong et al.
2007; Fasihi and Abolghasemi 2012; Olsson et al. 2014; Ayuso et al. 2017). As
mentioned earlier, a cationic coating can be useful to make coatings at a
reduced level of the binder while maintaining the strength of the coating. Thus,
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it may be possible to obtain oxygen barrier coatings at a reduced level of
binders.
6.2 Water drainage of the CNF suspensions
We recommend adding cationic pigments having various shapes and
sizes to the CNF suspension and measuring the water drainage rate, film
porosity, and tensile properties. Furthermore, it would be possible to use
different chemical compounds, such as silanes and fluorinated agents, to
render CNF/pigments films hydrophobic using supercritical CO2. Work on
optimizing reaction conditions, use of different hydrophobizing agents, for
achieving the highest strain at break for the CNF/PCC films would be
investigated.
6.3 Opacity of coatings
In Chapter 2, we generated latex-coated pigments to reduce binder
migration, but this coating also showed improvement in opacity when compared
to anionic coatings. For future work, I suggest making composite pigments by
adsorption of anionic pigments on the surface of cationic pigments, or vice
versa, to generate porous structures which can scatter light efficiently and
therefore, improve the opacity of the coatings.
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